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absorption from multiple tracers

Tony Dalton

Abstract

Based on the Lambda Cold Dark Matter concordance cosmological model

(ΛCDM), the majority of baryons exist in the Intergalactic medium (IGM). It

is extremely challenging to observationally trace the IGM, especially at higher

temperatures and low densities. Post reionisation, the vast majority of hydro-

gen and helium is ionized in the IGM and therefore, the observation of metals

is essential for parametrising the IGM properties.

My hypothesis is that there is significant absorption in the diffuse highly ion-

isied IGM, and that this IGM column density increases with redshift. I use

X-ray absorption in multiple tracers which yields information on the total ab-

sorbing column density of the matter between the observer and the source.

Clear IGM detections require tracer sources that are bright, distant, and com-

mon enough to provide a good statistical sample of IGM lines of sight (LOS).

To more accurately isolate any IGM contribution to spectral absorption, I

examine each tracer host type to realistically model it, in addition to using

appropriate intrinsic continuum curvature models. I test the robustness of

the result from a number of perspectives. I examine the impact of the key

underlying assumptions that affect the column density calculations including

metallicity, ionisation and location of absorption. I look for any evidence of

evolution in the parameters.

In Chapters 2, 3, 4 and 5, I use gamma-ray bursts (GRBs), blazars and quasars

(QSOs) to estimate IGM baryon column densities, metallicity, temperature,

ionisation parameters and redshift distributions. My results for each tracer
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are presented in each of the respective chapters and collectively in Chapter 5

which includes comparative analysis.

In conclusion, through the work in this thesis I demonstrate a consistent case

for strong X-ray absorption in the IGM on the LOS to three different tracer

types and that it is related to redshift. The results are consistent with the

ΛCDM model for density, temperature and metallicity. Given these results, I

would recommend that studies of distant objects should not follow the con-

vention of assuming all X-ray absorption in excess of our Galaxy is attributed

to the host galaxy, that the host is neutral and has solar metallicity. Instead,

particularly at higher redshift, absorption in the IGM should be accounted for

to give more accurate results for the tracer host properties.
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Chapter 1

Introduction

This chapter sets out the overall aim, hypothesis and key objectives of the thesis. It

gives a summary of the focus area of the IGM, the tracer background objects used,

the instruments from which the data is drawn and the spectral analysis software

used.

1.1 Thesis aims and hypothesis

Based on the ΛCDM cosmological model, the minority of the baryons reside in

galaxies and inter-cluster medium (ICM), with the majority existing in the IGM,

distributed in a web of tenuous sheets and filaments and the diffuse space in between

(McQuinn, 2016, hereafter M16).

Highly accurate measurements of the cosmic microwave background temperature,

polarization, and anisotropies from projects such as the Planck Collaboration (e.g.

Planck Collaboration et al., 2020) have supported the continued preference for

ΛCDM as the concordance model of cosmology, and led to the term ‘precision

cosmology’ .

It is extremely challenging to trace the IGM, especially at higher temperatures and

low densities with actual observational methods. There are many different direct

and indirect methods to detect and observe the IGM including, but not limited
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1.1. Thesis aims and hypothesis

Figure 1.1: Thermal phases of the IGM for temperature (T/K) and baryon over-
density ∆b = ρb/ρb, colour-coded by baryon mass fraction (image credit (Shull et al.,
2012)

to, emission and absorption features, dispersion and rotation measures e.g. in

Fast Radio Bursts, the Sunyaez-Zel’dovich effect, etc. In absorption, a very broad

spectrum of energies can provide information on IGM properties. Optical /UV

observations of absorption in the spectra of QSOs have provided a highly sensitive

probe of the cool IGM (∼ 104T/K) (e.g. Morris et al., 1991; York et al., 2000;

Fumagalli et al., 2016). The vast majority of hydrogen is ionised in the IGM post

the reionisation era z ∼ 6, and helium by z ∼ 3.5. Therefore, the observation of

metals is essential for parametrising the IGM properties.

There are many absorption line studies of individual systems which have used the

ionisation states of abundant heavy metals in optical to UV (e.g. Danforth and
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1.1. Thesis aims and hypothesis

Shull, 2008; Shull et al., 2012; Raghunathan et al., 2016). While these surveys

have been very successful, most very highly ionised metals are not observed in

optical to UV. Therefore, high-resolution X-ray observations are required as they

are sensitive to a broad range of cross-sections over the full integrated line-of-sight

(LOS). However, due to the resolution of current instruments, tracing individual

features of the IGM metals in X-ray is very limited. Fig 1.1 shows the distribution

of IGM phases for temperature (T/K) and baryon overdensity ∆b = ρb/ρb, colour-

coded by baryon mass fraction (Shull et al., 2012).

Given these circumstances, I use X-ray absorption in multiple tracers which yields

information on the total absorbing column density of the matter between the ob-

server and the source. Tracers in this sense are distant objects whose spectra are

absorbed by intervening baryonic matter on the LOS. In Section 1.3, I provide a

brief overview of the tracers used, which are GRBs, blazars and QSOs. Clear IGM

detections require tracer sources that are bright, distant, and common enough to

provide a good statistical sample of IGM lines of sight. Such tracers are the only

way of directly confirming the predictions of the ΛCDM model on the IGM ba-

ryon inventory and other properties, and without such evidence it would appear

premature to use the term ‘precision cosmology’ for baryon IGM properties.

My hypothesis is that there is significant absorption in the diffuse highly ionised

IGM, and that this IGM column density increases with redshift. There is increasing

evidence that the IGM shows significant metal enrichment at all redshifts and at

all densities. Indeed, it is thought that a substantial fraction of metals are to be

found in the IGM, with significant enrichment at high redshifts with little evidence

for metal evolution (e.g. Aguirre et al., 2001; Schaye et al., 2003; Shull et al., 2012;

Fumagalli, 2014; McQuinn, 2016; Peroux and Howk, 2020; Flores et al., 2021).

My approach is different to most other tracer studies which are primarily focused

on individual absorbers either in the tracer host or on the LOS. In this regard,

the convention adopted is to typically attribute to the tracer host, any spectral

hardening due to excess absorption over our Galaxy and known LOS individual
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1.1. Thesis aims and hypothesis

absorbers (e.g Bottacini et al., 2010; Schady et al., 2011; Watson, 2011; Paliya

et al., 2016; Ricci et al., 2017; Buchner et al., 2017). Instead, I focus on the

possible absorption in X-ray due to the IGM using a sophisticated model for the

highly ionised absorption component. Further, to more accurately isolate any IGM

contribution to spectral absorption, I examine each tracer host type to realistically

model it, in addition to best fit intrinsic continuum curvature models.

This thesis will use different types of tracers to estimate the key IGM properties

of baryon column densities, metallicity, temperature, ionisation and redshift distri-

butions, to determine if the tracers show consistent results that can parameterise

the properties, and whether the results are consistent with or challenge the current

ΛCDM concordance model in terms of baryonic matter. I examine past observa-

tions and simulations to set the parameters ranges and priors for our models. I test

the robustness of the result from a number of perspectives. I examine the impact

of the key underlying assumptions that affect the column density calculations in-

cluding metallicity, ionisation and location of absorption. I look for any evidence

of evolution in the parameters.

The structure of this thesis is as follows: In chapter 2, I isolate a more accurate

estimate for the IGM contribution to column densities using GRBs as tracers,

using actual or realistic GRB host metallicities, and by approximating the GRB

host intrinsic hydrogen column density using the measured neutral column adjusted

for the ionisation fraction. In chapter 3, I use GRB spectra to estimate the key

IGM properties of hydrogen column density, metallicity, temperature and ionisation

parameter over a redshift range of 1.6 ≤ z ≤ 6.3, using ionisation equilibrium models

for the ionised plasma. In chapter 4, I use blazar spectra and in chapter 5 QSO

spectra to estimate the key IGM properties. In chapter 5, I also combine the results

of all tracers used to do comparative analysis on the IGM properties and in Chapter

6, I conclude on the findings of the thesis.
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1.2. IGM

Figure 1.2: A simulated image of the cosmic web where each image zooms in by a
factor of 4 (image credit (Springel et al., 2005)

1.2 IGM

As there is no standard or single definition of the IGM, I give here a very brief

overview of the IGM for contextual purposes, given the aim of this thesis is the

comparative tracer analysis of the IGM. This brief review summarises the current

accepted picture of the large scale structure (LSS) and homogeneity of the uni-

verse, the ionisation processes in the IGM, equilibrium conditions, and the main

observable parameters investigated in this thesis.
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1.2.1. Large scale structure

1.2.1 Large scale structure

The LSS of the Universe forms a ‘cosmic web’ (Bond et al., 1996) of filaments,

sheets, and voids, which evolved via gravitational instability from small density

perturbations in the near-homogeneous early Universe (see Fig. 1.2 for simulated

image). These structures have been observed on ≳ 14 Mpc scales going back

many decades (e.g. Lapparent et al., 1986; Gott III et al., 2005). The LSS has

been detected using many different methodologies and observational techniques e.g.

weak lensing of background galaxies (Yang et al., 2020, and references therein), use

of the CMB (e.g. He et al., 2018), ionised gas by the Sunyaev-Zel’dovich effect

(De Graaff et al., 2019), Lyman α forest absorption, and emission (Umehata et al.,

2019). The large-scale spatial distribution of galaxies in the Universe is thought to

follow the distribution of matter in the LSS and is far from uniform, as observed by

wide-area surveys such as the Two-Degree Field Galaxy Redshift Survey (Colless

et al., 2001), the Galaxy And Mass Assembly survey (Driver et al., 2009), the Sloan

Digital Sky Survey (SDSS) (York et al., 2000), the Dark Energy Survey (Planck

Collaboration et al., 2020, and prior Planck Collaboration studies), and the VIMOS

Public Extragalactic Redshift Survey (Scodeggio et al., 2018).

Any assumption regarding homogeneity and isotropy in the Universe is time and

distance dependant. On smaller scales of Mpc or less, the distribution of matter

density, temperature and metallicity can be highly inhomogeneous. In terms of

evolution, inhomogeneity exists over a large range in redshift. The ΛCDM model

is based upon the cosmological principle, that states that the Universe is spatially

homogeneous and isotropic. The cosmological principle is considered to be valid

on very large scales (> 100 Mpc), even at low redshifts. For the assumption of

homogeneity to be reasonably valid therefore, we should be looking at scales greater

than the known large scale structures. There is now evidence that homogeneity

decreases with redshift (Gonçalves et al., 2020). This makes the assumption of

homogeneity increasingly valid with higher redshift. As the bulk of matter in
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1.2.2. Ionisation processes and equilibrium conditions in the IGM

the IGM post reionisation is ionised and exists outside of gravitationally bound

structures, and I use tracer objects that have LOS orders of magnitude greater

than the LSS, in this thesis I use the assumption of homogeneity i.e. that the

absorbing matter on the LOS to tracers is uniformly distributed.

1.2.2 Ionisation processes and equilibrium conditions in the IGM

Generally, there are two processes that determine the ionisation state of plasma in

the IGM i.e. photoionisation by the cosmic UV background, and collisional ionisa-

tion caused by the high temperature of the gas which can be caused by shock heating

processes in the warm-hot IGM (WHIM) or by the cosmic X-ray background. I

term both the UV and X-ray background as cosmic ionisation background (CIB),

and an overview of the CIB is given in Section 1.2.3. Different physical processes

are therefore involved and any assumptions regarding whether collisional, photoion-

isation or a combination dominates will impact any attempts to model the IGM

for observational methods. The photoionisation rate (ΓHi) depends on the ionising

radiation field in the IGM provided by the UV background. Becker et al. (2013)

found a remarkably constant ΓHi and hence the ionising background is generally

assumed to be spatially uniform and constant up to redshifts as high as z ∼ 5.

Photoionisation for metals, which can be either neutral or fully ionised, is similar

to hydrogen, except they have several electrons available and are, even at very high

temperature, usually only partly ionised. Thus, electronic transitions exist for such

highly-ionised metals in the IGM. Therefore, for photoionisation IGM modelling,

the key variables are density, metallicity and the ionisation parameter (the ratio of

ionising photon density to electron density).

Temperature measurements of the cooler diffuse IGM over 2 ≤ z ≤ 4, generally

agree at T0 = (1 − 2) × 104 K, where T0 is the kinetic gas temperature at the

baryonic mean cosmic density (M16 and references therein). Collisions by thermal

electrons ionise hydrogen to a high degree for gas temperatures > 1.5 × 104 K. At

generally accepted densities for the diffuse IGM, collisional ionisation dominates
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1.2.2. Ionisation processes and equilibrium conditions in the IGM

at log(T/K) > 5.4 (Shull et al., 2012). Therefore, for IGM modelling with the

collisional assumption for ionisation, the key variables are density, metallicity and

temperature.

Nicastro et al. (1999) compared models of collisional and photoionisation. They

found that the fractional abundances of metals are more smoothly distributed in

photoionised gas i.e. lower ionised metals can co-exist over a range of photionisation

levels, but different types of highly ionised metals exist within narrow ranges of

temperature in collisional ionisation. They also found that for collisional ionisation

to dominate, the ionisation parameter (U) had to be very low (U < 0.3). However,

this was in high density environments and may not be relevant to IGM plasma. In

summary, it is likely that both photoionisation and collisional processes contribute

to the IGM plasma state in different regions and phases.

The above summary largely assumed ionisation equilibrium (hereafter CIE for col-

lisional and PIE for photoionisation equilibrium). The relation between ionisation

state and gas temperature (CIE) and ionisation parameter (PIE) explicitly assumes

that the gas is in an ionisation equilibrium (Richter et al., 2008, hereafter R08).

Opinions on the WHIM plasma equilibrium state differ greatly. There is a substan-

tial amount of literature on this area, and so I am providing a limited number of

examples. Some argue that WHIM filaments may have a large range of density and

are not isothermal (e.g. R08). Others were of the view that plasma had densities of

ne ∼ 10−5 cm−3 and was virtually in CIE, and photoionisation plays a negligible role

(e.g. Nicastro et al., 2018). In contrast, Branchini et al. (2009), for example were of

the view that the bulk of the WHIM is not in CIE. In non-equilibrium, the plasma

remains over-ionised compared to CIE at any temperature, as recombination lags

behind cooling (Gnat and Sternberg, 2007, hereafter G07). They noted that this

affects all elements including hydrogen and helium. For CIE, the column density

ratios depend only on the gas temperature. However, for non-equilibrium cooling

the ion fractions and therefore the column densities also depend on metallicities.

It is important to note that G07 assumed there is no impact from any background
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1.2.3. Cosmic ionising radiation background

radiation. While there is still debate on the equilibrium state of the WHIM, in

the cooler diffuse IGM, extremely low densities and ionisation equilibrium condi-

tions persist (M16). Importantly for IGM modelling, well outside the influence of

galaxies and clusters, the CIB becomes more important.

1.2.3 Cosmic ionising radiation background

The abundance of ionic species is partially dependent on the CIB. In modelling

the IGM, it is conventional to assume a spatially uniform shape and intensity of

the ionising background (Simcoe, 2011). Many studies have been completed on

the sources of the CIB, being primarily star forming galaxies and AGN (e.g. De

Luca and Molendi, 2004; Luo et al., 2011; Moretti et al., 2012; Haardt and Madau,

2012). General practice is to adopt a fixed power law for the background radiation.

Oppenheimer and Schaye (2013a) noted that non-equilibrium effects are smaller in

the presence of the CIB. In Chapter 2, I examine the impact of different power law

assumptions for the CIB on the total column density estimates for the IGM, and

also which software models are therefore appropriate for IGM modelling.

In summary, for our IGM models, I assume ionisation equilibrium which is reason-

able in the bulk of the IGM. However, the equilibrium assumption could result in

an underestimation of column density if the IGM plasma remains over-ionised in

a non-equilibrium state (G07). I also assume a single gas phase in the IGM, while

acknowledging that a multi-phase gas may be more realistic in some regions such

as the WHIM.

1.2.4 IGM observable properties from X-ray absorption

Most baryonic matter resides in the IGM (M16), which is highly ionised. We are

using X-ray spectra to analyse the IGM properties. Following the above overview

of the IGM properties and conditions, the IGM properties examined in this thesis

are:
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1.2.4. IGM observable properties from X-ray absorption

• hydrogen density which is typically reported as an equivalent total hydro-

gen column density (hereafter Nhx/cm−2) (an integrated quantity over the

column length), even though the X-ray absorption cross-section is mostly

dominated by metals.

• metallicity [X/H]∗ or Z/Z⊙. In this thesis, the term ‘metallicity’ is used syn-

onymously with metal abundance.

• temperature measured in Kelvin, typically reported in this thesis as log(T/K)

and relevant for CIE assumed conditions.

• ionisation parameter (dimensionless log(ξ)) for PIE assumed conditions

Simulations predict that up to 50% of the baryons by mass have been shock-heated

into the WHIM at low redshift z < 2, with T = 105 − 107 K and nb = 10−6 − 10−4

cm−3 where nb is the baryon density (e.g Cen and Ostriker, 1999, 2006; Davé and

Oppenheimer, 2007; Schaye et al., 2015). It is currently estimated that the cool

diffuse IGM constitutes ∼ 39% and the WHIM ∼ 46% of the baryons at redshift

z = 0 (Martizzi et al., 2019, using the IllustrisTNG simulations †). Observations

of the IGM are essential for effective tracing of matter across time and to validate

the simulations (Danforth et al., 2016). The observation of metals is necessary

for observing the IGM properties including density, temperature and metallicity as

post reionisation, the vast majority of hydrogen and helium is ionised in the IGM.

Most very highly ionised metals are not observed in the optical to UV wavelength

range where the bulk of prior studies have been carried out on individual systems

using the ionisation states of abundant heavy elements (e.g. Shull et al., 2014;

Raghunathan et al., 2016; Selsing et al., 2016). In the cool phases of the IGM,

40 − 60% of the universe by mass has [X/H] > −3 (Fumagalli, 2014, and references

therein). Both Schaye et al. (2003) and Aguirre et al. (2008) found metalicity had

a strong dependency on density but had virtually no evolution in the cool IGM

∗[X/H] = log(X/H) - log(X/H)⊙, where X is number density of the metal element, and H is the
number density of Hydrogen.

†http://www.tng-project.org/

10



1.2.4. IGM observable properties from X-ray absorption

in the range z = 1.8 − 4.1. A significant fraction of the cool gas probed by dense

Lyman systems (log(Nhx/cm−2) > 20) has been associated with galaxy haloes and

the circum-galactic medium (CGM) (e.g. Pieri et al., 2014; Fumagalli et al., 2016).

The metallicity rises from very low values of [X/H] ∼ −3 to −2, to approximate

values of > −1.5 for dense Damped Lyα systems (DLAs) as we move from the

diffuse IGM to virialised luminous matter (e.g Fumagalli et al., 2016; Wotta et al.,

2019).

For some time since their first prediction at low redshift, the expected baryons

were not observed in the WHIM, giving rise to the “missing” baryon problem (e.g.

Danforth and Shull, 2005; Shull et al., 2014). Recent literature points to the CGM

as a reservoir for a large fraction of this matter (e.g. Tumlinson et al., 2011; Werk

et al., 2013; Lehner et al., 2016). Other claims to have detected the WHIM include

excess dispersion measure over our Galaxy and the host galaxy in Fast Radio Bursts,

possible detection of O vii lines in the X-ray, and stacked X-ray emission from

cosmic web filaments using the thermal Sunyaev Zelodovich effect (e.g. Macquart

et al., 2020; Nicastro et al., 2018; Tanimura et al., 2020b).

There appears to be a consensus that, at least for z < 2, the predicted mean

metallicity of the WHIM from simulations and O vi absorption studies is ∼ 0.1Z⊙

(e.g. Wiersma et al., 2011; Danforth et al., 2016; Pratt et al., 2018, S12).

Tracing individual features of the IGM metals in X-ray with current instruments

is very limited. Athena, the proposed European Space Agency X-ray observatory,

aims to study the IGM through detailed observations of O vii (E = 573 eV) and

O viii (E = 674 eV) absorption features (Walsh et al., 2020). In the meantime, we

trace the IGM parameters based on the integrated effect of the full LOS to tracers

as seen in their X-ray spectra.

In conclusion, in this thesis, I follow a similar definition of the IGM to M16 as being

baryonic matter outside of the virial radius of galaxies and clusters. It is essentially

all highly ionised baryonic matter on the LOS to our distant tracer objects existing
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1.3. Tracers

outside our Galaxy and the host galaxy of the tracer. I assume conditions of CIE

and PIE when exploring the IGM parameters of density, metallicity, temparature

and ionisation as seen in the X-ray spectra of tracers. The parameter ranges used

when fitting the tracer spectra are informed by prior studies such as those referenced

above. I now turn to the tracers used in this thesis.

1.3 Tracers

The ideal tracers, or background X-ray sources, would have all of the following

characteristics:

• Extremely bright or luminous so that they can be observed at great distances.

• Relatively simple intrinsic spectra in the X-ray bandwidth i.e. the intrinsic

continuum is a simple power law model. The simple intrinsic model reduces

any error in isolating absorption due to the IGM from degeneracies with the

tracer continuum curvature, or absorption in the host environment.

• Broad sky distribution as I am examining general IGM properties,

• Available across low and high redshift ranges.

• Minimal or simple host galaxy contribution to the spectral shape.

• Long emission duration for extended observation, preferably with minimal

time variability.

What follows is a very brief overview of the tracers used in this thesis to provide

context only. This is primarily to highlight the advantages and disadvantages of the

tracers types in terms of ideal criteria. Further, it is to draw attention to the key

issues and assumptions on aspects that can affect and influence the determination

of IGM properties derived from tracer X-ray spectra. The actual data selection

and methodologies for each tracer are contained in the later chapters dealing with

each tracer research completed.
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1.3.1. GRBs

1.3.1 GRBs

GRBs are among the most powerful explosions known in the universe, (see Schady,

2017, for a recent general review). GRBs provide a valuable probe of all baryonic

matter along their LOS given the huge range in distances to GRBs, and their

extremely high luminosities, combined with the broad energy range of observed

emissions. In the energy band that I use (mainly 0.3-10 keV), X-ray absorption

yields information on the total absorbing column density of the matter between

the observer and the source as any element that is not fully ionised contributes to

the absorption of X-rays (scattering by electrons becomes important above 10 keV

(Wilms et al., 2000)).

Though I am primarily interested in absorption seen in the afterglow spectra of

GRBs, I give a brief overview next of the GRB progenitor, the current favoured

GRB model, and GRB afterglow types.

1.3.1.1 GRB progenitor and fireball model

GRBs were first discovered by US Vela military satellites in the 1960s, though their

discovery was not published until 1973 (Klebesadel et al., 1973). It was not until the

late 1990s that they were confirmed as extra-galactic (Metzger et al., 1997; Costa

et al., 1997). GRB are thought to result from massive stars undergoing a colossal

energy release event towards the end of their evolution (van Paradijs et al., 1997).

The burst durations follow a bi-modal distribution (typically quantified as t90, the

time in which 90% of the source photons are collected), with a division around

2 seconds (Kouveliotou et al., 1993). Long GRB afterglows can last from ∼ 2 to

several hundred seconds, with a typical burst lasting ∼ 30 seconds (e.g. Butler et al.,

2007). For long GRBs (t90 > 2 s), the progenitor is thought to be a rapidly-rotating

massive star that core-collapses into a black hole (Woosley, 1993). This model is

known as the collapsar model. For short GRBs (t90 < 2 s ) the progenitors are

thought to be mergers of neutron star binaries or neutron star-black hole binaries
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1.3.1.1. GRB progenitor and fireball model

Figure 1.3: Illustration of the GRB fireball model. The black hole with an accretion
disk around it drives a relativistic jet into space. The observed prompt gamma-
ray and afterglow X-ray to radio spectra arise from the hot gas near the black
hole, shell collisions within the jet, and from the jet’s interaction with host galaxy
environment or progenitor wind (Gehrels et al., 2002).

(Paczynski, 1986). While the two GRB progenitors are physically distinct, the

initial emission mechanisms are thought to be similar. The energy output of GRBs

are separated into the prompt and afterglow emission phases. The prompt emission

phase is characterized by an intense gamma-ray flux, produced by ultra-relativistic

flows that get dissipated in internal collisions along the jet direction. The afterglow

phase occurs when the jet of gamma-rays subsequently collide with the surrounding

medium, slowing it down by external shocks. It then emits synchrotron radiation

which is observed as the X-ray to optical and radio afterglow (Piran, 2004). The

spectral shape of the afterglow typically follows a simple power-law (Sari et al.,

1999). This simple consistent afterglow spectra makes it very attractive as a tracer.
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1.3.1.1. GRB progenitor and fireball model

Figure 1.4: Rest-frame afterglow broadband SED analysis of GRB 120815A. Op-
tical and X-ray data are plotted with black points. The best-fitted model is plotted
with solid blue lines and the intrinsic afterglow spectrum with dashed-blue line. Im-
age credit: Japelj et al. (2016)

Figure 1.3 (image credit: Gehrels et al. (2002)) depicts the process of producing

the GRB prompt emission and the afterglow through internal and external shocks,

respectively.

The afterglows of GRBs are generated from synchrotron radiation thought to be

caused by the interaction between the ultra-relativistic jet and the GRB host en-

vironment. Electron cooling in the GRB postshock causes an observable break in

the synchrotron spectrum (Zafar et al., 2018, and references therein) . This cooling

break is typically located between the optical and X-ray bands (see Fig. 1.4 which

shows the broadband spectral energy distribution(SED) for GRB120815A as an

example, image credit: Japelj et al. (2016)). The X-ray part of the SED in Fig.1.4,

shows the typical shape for GRBs of an absorbed simple power law.
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1.3.1.2. GRB host

1.3.1.2 GRB host

Because GRBs are observed across a very large redshift range, are extremely lu-

minous and have a simple intrinsic continuum spectra, they have been used many

times as tracers. As it is often not possible to determine the location of absorbers

in X-ray, it is essential to account properly for any non-IGM contribution to the full

LOS column density. This entails examining GRB host properties including gas

density, neutral fraction and metallicity. By convention, most studies with GRBs

as tracers used the same assumptions i.e. all absorption in excess of our Galaxy

attributed to the GRB host, and a neutral host with solar metallicity. Several

studies have tried to justify the resulting high column densities attributed to the

GRB host using fairly extreme host environment theories e.g. dust extinction bias

(Watson and Jakobsson, 2012), ultra-ionised gas in the environment of the GRB

(Schady et al., 2011) and a host galaxy mass Nhx relation (Buchner et al., 2017). I

explore in detail in Chapter 2, specific GRB host properties including using actual

metallicities, dust corrected where available for detections, and a more realistic

average host metallicity using a standard adjustment from solar. I also examine

using the measured host neutral column adjusted for the ionisation fraction as a

proxy for the GRB host column density.

1.3.1.3 GRBs as tracers

In conclusion, GRBs are excellent tracers of the IGM. From the ideal tracer criteria,

they satisfy extreme luminosity, huge redshift range and simple intrinsic continuum

spectra in the X-ray band. However, they are very short lived transient events for

observational purposes and can have complex host environments.
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1.3.2. QSOs

Figure 1.5: Schematic representation of an active galactic nucleus (AGN) basic
components (adapted from Urry and Padovani, 1995)

1.3.2 QSOs

Though sequentially in this thesis, blazars are the second tracer type, I give a

brief overview next for QSOs, as blazars are a sub-type of QSO. In this section, I

summarise Active Galactic Nuclei (AGN) of which QSOs are a sub-type, the AGN

engine model, the QSO host environment, and concluding with QSO as tracers.

1.3.2.1 AGN engine model and classification

The conventional basic components (not all necessarily occur) of an AGN tradi-

tionally represented as in Fig. 1.5 (adapted from Urry and Padovani (1995)) are:
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1.3.2.2. QSOs

• Super-massive central black hole, 106 − 109M⊙.

• Accretion disk of hot, luminous gas accreting onto the black hole.

• Jets, charged particles moving at relativistic speeds out of the nucleus.

• Broad-line region: gas clouds (density n ≈ 8 − 12 cm−3 typically within 1pc

of the accretion disk.

• Dusty torus: a ring of denser gas and dust surrounding the nucleus.

• Narrow-line clouds: gas clouds (n ≈ 3 − 6 cm−3 further out up to several kpc,

moving more slowly.

The observational history of AGN spans most of the 20th century. Without the

current accepted understanding of the AGN model, and due to the various compon-

ents in AGN, initially many different types of AGN related objects were thought

to exist including Seyfert galaxies, broad and narrow line galaxies, QSO, BL Lac

objects, flat spectrum radio quasars etc. Given the overlapping components and

features, many attempts were made a developing unification models (see Urry and

Padovani, 1995, for a comprehensive review). These models were based on the

hypothesis that most AGN were intrinsically the same and the differing features

could be explained primarily due to the viewing orientation relative to the torus.

The current picture is that there are intrinsically different components in the AGN

resulting in differing features e.g. the mass of the black hole, the accretion rate,

obscuration by dust and whether the AGN is radio loud or quiet (e.g. Done, 2010).

1.3.2.2 QSOs

QSOs are among the most luminous, non-transient sources in the Universe. Though

most QSOs are characterised by spectral time variability, they have very long life-

times with current estimates ranging between ∼ 0.01 Myr and ∼ 1 Gyr (Khrykin

et al., 2021, and references therein) . The discovery of dormant SMBH at the centres
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Figure 1.6: A schematic diagram of an AGN SED, showing the typical shape of
the various components. The hatched region highlights the spectral range that
is obscured by optical/UV absorption in the galaxy and the IGM. Image credit:
Collinson et al. (2017)

of most bulge-dominated galaxies led to the hypothesising that they were once act-

ive QSOs. The term “quasar” was first created as the acronym of “quasi–stellar

radio source”, due to the original, radio based discoveries. In the following years,

an increasing number of QSOs with no radio emission were found, and the term

“quasi–stellar object” was introduced. Nowadays, the two terms are used synonym-

ously.

QSOs are the most luminous subclass of AGN and can outshine their host galaxies

such that only the core is visible with bolometric luminosities of (≈ 1045 − 1049 erg

s−1). QSOs have a relatively featureless spectrum, spanning from radio wavelengths

to hard X-rays. Fig. 1.6 shows a schematic example of a broadband AGN SED

with most of the typical features, though not all are observed in individual AGN

(Image credit: Collinson et al. (2017)). Under the generally accepted AGN scenario,

UV emission in a QSO is produced by viscous dissipation in an accretion disk

where the gravitational energy of the infalling material is partially transformed

into radiation (Shakura and Sunyaev, 1973). The UV photons are Comptonised to

19



1.3.2.3. QSO host

X-rays by a corona of hot relativistic electrons around the accretion disk (Haardt

and Maraschi, 1993). These X-rays can illuminate the accretion disc, being reflected

back towards the observer. The observational signs of such reflection features are

a Compton scattering hump, an iron emission line and an Fe K absorption edge.

While features such as the Compton hump, soft excess and iron emission lines are

frequently observed in lower luminosity AGN, particularly at lower redshift, they

are not often observed in QSO as the very powerful emission continuum dominates

(Scott et al., 2011, and references therein). This makes QSO very attractive as

tracers.

1.3.2.3 QSO host

In addition to the immediate QSO engine environment including the accretion disc

and torus, one must also consider the QSO host galaxy in terms of its impact on

the QSO observed spectra as any LOS must include that part of the path. Sim-

ilar to GRBs, the conventional approach in prior studies was to assume a QSO

host environment that was neutral and at solar metallicity. Further, most studies

assumed that all X-ray absorption, in excess of our Galaxy was due to the QSO

host. In Chapter 5, we draw from the Quasars Probing Quasars series to develop

a QSO host absorption model (e.g Hennawi et al., 2006; Prochaska and Hennawi,

2009; Hennawi and Prochaska, 2013; Prochaska et al., 2013). Given the additional

potential complications in the QSO spectra from Compton humps and soft excess

in X-ray (usually observed in very low redshift QSO and AGN), Chapter 5 ro-

bustly examines the QSO sample for such features and any impact on IGM derived

properties.

1.3.2.4 QSOs as tracers

In conclusion, QSOs meet many of the ideal tracer criteria including extreme lu-

minosity, observed over a huge redshift range, simple intrinsic continuum spectra
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and non-transient observation. They are observed in huge numbers and with an

isotropic sky distribution. However, they have potentially complex host environ-

ments. Further, a disadvantage is that the bulk of QSOs observed have redshifts

0 ≤ z ≤ 2, with a peak just greater than z ∼ 2, followed by a rapid decline (Pâris

et al., 2018).

1.3.3 Blazars

Blazars are powerful emitters across the entire electromagnetic spectrum with very

strong radio emission (≥ 1041 erg s−1) and with a bolometric luminosity between

1046 − 1048 erg s−1. A very large fraction of this luminosity (∼ 20%) is emitted in

the X-ray energy band which includes our main focus range of 0.3 - 10 keV.

1.3.3.1 Blazar engine model and features

Blazars are a special class of radio-loud AGN in which the relativistic plasma

emerges from the galaxy core as a jet towards the observer. The observed luminosity

is much greater than the isotropic emission due to relativistic beaming or boosting.

The broad-band spectra of blazars feature two humps, similar to the AGN SED in

Fig.1.6. The first hump typically has a peak located between infrared to far UV

and sometimes soft X-ray frequencies, and is attributed to synchrotron processes.

The second hump is found in X-ray to γ-ray frequencies and is a result of inverse

Compton(IC) processes. The seed photons for the IC process can be intrinsic to the

jet, or, if the seed photons originated from the accretion disc and are reprocessed

by the broad-line region and/or the molecular torus, it is referred to as External

Compton. Blazars are conventionally divided into two classes. Flat spectrum

radio quasars (FSRQs) are characterized by strong QSO emission lines and higher

radio polarization, while BL Lac objects exhibit featureless optical spectra. The

distribution of the synchrotron peak frequency is very different for the two blazar

classes. While the rest-frame energy distribution of FSRQs is strongly peaked at
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low frequencies (≤ 1014.5 Hz), the energy distribution of BL Lacs is shifted to higher

values (Padovani et al., 2012). FSRQs can be found out to high redshift and have

a much higher median redshift than BL Lacs (Sahakyan et al., 2020).

The intrinsic continuum of blazars is relatively simple and typically modelled as a

simple power law. However, many blazar are better modelled with variations on the

power law slope including log-parabolic and broken power law models (continuum

power law models are covered in Section 1.5.1.1). Otherwise, the spectra are fea-

tureless in the range of this thesis, primarily 0.3 - 10 keV. Some spectra do exhibit

a soft excess. There is no consensus on the cause of this feature. Further, blazar

spectra show large variability with time. Therefore, in Chapter 4, we robustly ex-

amine the potential impact of soft excess and spectral variability on derived IGM

properties.

1.3.3.2 Blazar host

Blazars are AGN in which the relativistic jet is pointing towards the observer.

Blazars are therefore thought to have negligible X-ray absorption on the LOS within

the host galaxy, swept by the kpc-scale relativistic jet. This aspect makes them

more attractive as tracers than GRBs or QSOs.

1.3.3.3 Blazars as tracers

Blazars are potentially the best tracer in terms of satisfying the ideal tracer criteria.

They are extremely luminous, available over a very large redshift range and are not

transient. They are isotropic across the sky. They generally have simple featureless

intrinsic continuum spectra. Further, they are thought to sweep out any host galaxy

features in their spectra. However, they show time variability in their spectra and

potentially occasional soft excess.
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Figure 1.7: Swift satellite showing the BAT, XRT and UVOT instruments (image
credit: Gehrels et al. (Fig. 2 2004))

1.4 Instruments and datasets used

In this section, I provide details of the two instruments used to provide X-ray obser-

vational data for the thesis. For GRBs, all data is taken from the UK Swift Science

Data Centre∗ repository (hereafter Swift ; Gehrels et al., 2004) . For Blazars, the

main analysis is based on Swift data, while part of the robustness tests completed

use data from the XMM-Newton European Photon Imaging Camera (Strüder et al.,

2001) (hereafter XMM-Newton). All QSO data is taken from XMM-Newton. The

data selection and methodology specific to each tracer are provided in Chapters 2,

3, 4 and 5.

∗http://www.swift.ac.uk/xrtspectra
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1.4.1 Swift

Launched in 2004, Swift is a multi-wavelength observatory with the primary mis-

sion to observe and study GRBs. Swift carries three instruments: the Burst Alert

Telescope (BAT), the X-ray Telescope (XRT) and the Ultraviolet/Optical Tele-

scope (UVOT) (see Fig. 1.7, Image credit: Gehrels et al. (2004)). The primary

purpose of the BAT is to search the sky for new GRBs. On discovery of a GRB

candidate, it triggers a spacecraft slew to bring the burst into XRT and UVOT

fields of view. Swift revolutionised early-time multi-wavelength follow-up of GRBs.

It also enables ground-based facilities and other satellites, including XMM-Newton

to initiate early-time follow-up observations.

As this thesis uses X-ray spectral data, I draw from the results of the XRT instru-

ment. The XRT is dedicated to the observation of light curves, spectra and fluxes

of GRBs afterglows in the 0.2 - 10keV energy range. XRT provides automated

source detection and position reporting. It can also measure the redshifts of GRBs

using spectral features. There is a known instrument feature at ∼ 2 keV due to

the gold coated mirrors. This is accounted for in the Redistribution Matrix Files

(RMF) and Ancilliary Response Files (ARF), so it is not usually apparent in the

spectra unless there are high spectral counts available.

1.4.2 XMM-Newton

XMM-Newton was launched by the European Space Agency in December 1999

with the ability to simultaneously obtain X-ray and optical data. XMM-Newton

has three mirror assemblies, one of which feeds the EPIC-pn detector, and the

other two mirrors assigned to the EPIC-MOS and RGS detectors. The EPIC-pn

detector has a 0.2-12 keV bandpass. The RGS instrument can resolve lines down

to a full width at half maximum resolution of 2.9 eV at 1.0 keV while EPIC-pn

has a resolution of 55 eV at 1.0 keV. Though the RGS instrument has superior

spectral resolution, it has a limited 0.4-2.5 keV bandpass. Given this thesis is
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examining the full LOS to tracers, and also due to the general limited spectral

counts for individual objects, I use the EPIC-pn data primarily. The EPIC and

MOS cameras have a known systematic instrumental feature at ∼ 7.8 and 2keV,

associated with the Si K and Au M edges respectively. This is observed in most of

my QSO sample spectra in Chapter 5.

1.5 Spectral analysis software

In this thesis work, all spectral fitting for both Swift and XMM-Newton data is

done using various model components of xspec (Arnaud, 1996). xspec is an X-ray

spectral-fitting program, designed to be completely detector-independent so that

it can be used for any X-ray spectrometer.

Within specific instrument channels (I ), a spectrometer obtains photon counts (C ).

This observed photons are related to the actual spectrum of the source (f(E )), such

that:

C(I) =
∫ ∞

0
f (E)R(I, E)dE (1.1)

where R(I,E ) is the instrumental response and is proportional to the probability

that an incoming photon of energy E will be detected in channel I. As it is not

possible in general to directly infer the actual spectrum, a model spectrum is chosen

based on knowledge of the source. The chosen model will have parameters which

can be either fixed or variable. xspec then fits the model to the data obtained by

the spectrometer. For a given observation, xspec uses two files: the data file, and

the background file. The data file informs xspec how many total photon counts

were detected by the instrument per channel. The background file is then used to

derive a background-subtracted counts in units of counts per second per channel.

For each model, a predicted count spectrum (Cp(I )) is calculated and compared

to the observed data. A fit statistic is computed from the comparison, which is

used to determine whether the model spectrum matches the data obtained by the
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spectrometer. When fitting models to spectra, chi-squared (χ2) is the convention-

ally used statistical method. However, deep field X-ray sources from Swift and

XMM-Newton in the data samples used in this thesis can have a small number of

photon counts, well into the Poisson regime. The χ2 regression approach is usu-

ally inappropriate in these circumstances (Buchner et al., 2014), and the maximum

likelihood C-statistic (Cash, 1979), based on the Poisson likelihood, is preferred.

The model parameters are varied to find the parameter values that gives the lowest

fit Cash statistic. The final values are then referred to as the best-fit parameters.

As I am fitting my absorption models to the total continuum absorption in X-

ray, and not any individual features, there is scope for degeneracy between the

parameters including column density, temperature and metallicity. This can cause

the fitting algorithm to get stuck in local probability maxima i.e. there may be

multiple, separate, adequate solutions. I use Markov chain Monte Carlo (MCMC)

and the steppar function in xspec to overcome this problem, though it can still

leave some degeneracy. I also use MCMC to generate the confidence intervals, and

to produce integrated probability plots, which are analogous to contour plots, to

examine the potential degeneracy.

1.5.1 Model components

The xspec components used in the spectral fitting attempt to model the full LOS

to each tracer and consist of:

• Tracer intrinsic continuum

• Tracer host absorption and other possible features

• IGM absorption

• Our Galactic absorption
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In this thesis, metal abundances from Wilms et al. (2000) are used which take into

account H2 and dust in the interstellar medium of galaxies. This is reasonable for

our Galaxy and other galaxies and the CGM. However, the relative abundances may

not be appropriate for some parts of the IGM e.g in voids and at higher redshifts.

Some studies using simulations claim that early Population III stars are metal free

and form in pristine gas (e.g. Pallottini et al., 2014). This study suggested that

at z > 4, > 90% of the IGM is pristine. If this does prove to be the case, then

the assumption that ionised metals are the main absorbers seen in X-rays may not

hold.

1.5.1.1 Tracer intrinsic continuum

As reviewed in Section 1.3, the tracers chosen for this thesis had a selection criteria

that the spectral shape be as simple as possible. Even so, as detailed in Chapters

2 to 5, various power law models are trialled including a simple power law, log-

parabolic and broken power laws. The log-parabolic power law contains an extra

curvature term (β), while the broken power law contains an energy break and a

second power law.

1.5.1.2 Tracer host

As summarised in Section 1.3, and examined in detail in Chapters 2 to 5, correctly

modelling the impact of the tracer host on the spectra is essential. Conventionally,

the tracer host is assumed to be neutral and with solar metallicity. Further, all

absorption in excess of our Galaxy is assumed to occur in the tracer host. The model

ztbabs is often used for host absorption (Wilms et al., 2000). The relevant host

model components used in this thesis depending on the tracer host environment

are:

• tbvarabs (Wilms et al., 2000) which is the same as tbabs with additional

parameters for redshift of the source, metallicity and dust in the tracer host.
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Figure 1.8: QSO host exaggerated scenarios with the QSO at z = 1, absorption in
our Galaxy is fixed and no IGM absorption. The host absorption column is assumed
to be log(Nhx/cm−2) = 21.5. In both panels, the orange curve assumes a neutral
host using tbvarabs, and the blue curve is for an ionised CGM environment using
hotabs. The reds curves are our Galaxy absorption. In the left panel, metallicity
in the QSO host is Z/Z⊙ = 0.05 and in the right panel Z/Z⊙ = 0.3.

It assumes a neutral host environment.

• hotabs is used to model the CGM for QSO hosts (Kallman et al., 2009). It

is a CIE model with free parameters for density, metallicity and temperature.

These are discussed in Chapter 5.

• Possible impact on the tracer spectra for individual tracer host specific fea-

tures such as Compton hump (pexrav (Magdziarz and Zdziarski, 1995)) and

soft excess (zbbody).

In Fig. 1.8, exaggerated scenarios are given to show absorption in the QSO host

under two scenarios. For both scenarios, the QSO is at z = 1, absorption in our

Galaxy is fixed and there is no IGM absorption. The host absorption column

is assumed to be log(Nhx/cm−2) = 21.5. In both panels, the orange curve is

assuming a neutral host using tbvarabs, and the blue curve is for an ionised

CGM environment using hotabs. The red curve is the same for both panels being

our Galaxy absorption. In the left panel, metallicity in the QSO host is Z/Z⊙ = 0.05

and in the right panel Z/Z⊙ = 0.3. As can be seen in the figure, metallicity in the

host has a large impact on the absorption levels, with the impact being larger for
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an ionised environment. Below 1 keV, N, O, and Ne are the dominant absorption

features. The model examples are trialled prior to the actual fitting for each tracer,

and in the example of Fig 1.8, are not fitted to any spectrum. Therefore, they show

all possible absorbing features in the model components. In the actual spectra,

due to the redshift smearing over the LOS and resolution, generally no individual

ion features can be observed. Therefore, the fitting is to the whole continuum

curvature.

1.5.1.3 Galactic absorption

For Galactic absorption, I use tbabs (Wilms et al., 2000, hereafter W00) fixed to

the values based on Willingale et al. (2013). These column densities are estimated

using 21 cm radio emission maps from (Kalberla et al., 2005). They include a

molecular hydrogen column density component. tbabs calculates the cross-section

for X-ray absorption by our Galaxy ISM as the sum of the cross sections for the

gas, molecules and grains. In reality, uncertainties exist on Galactic absorption

measurements e.g. intrinsic radio map uncertainties and relating to molecular

hydrogen (Kalberla et al., 2005; Willingale et al., 2013). Campana et al. (2014b)

explored the impact of ignoring such uncertainties on column densities and found

that the impact was not significant.

1.5.1.4 IGM absorption

Having carefully isolated the impacts of the various LOS contributions to the

tracer spectra, I attribute the remaining absorption to the IGM. I model the IGM

assuming a thin uniform plane parallel slab geometry in thermal and ionisation

equilibrium. This is a simple approximation which is generally used for a homo-

geneous medium (e.g. Savage et al., 2014; Nicastro et al., 2017; Khabibullin and

Churazov, 2019; Lehner et al., 2019). This slab is placed at half the tracer redshift

as an approximation of the full LOS medium.
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Figure 1.9: The impact on Nhxigm for 143023.73+420436.5 by moving the IGM
slab from z = 0 to 4.71, freezing log(T/K) = 6 and [X/H] = −1. The green line is
the simple IGM model.

I use observed 0.3-10 keV spectra in this thesis, so for higher redshift tracers, the

slab location assumption results in lower keV absorbing ions being redshifted out of

the observed spectral range. Most X-ray absorption occurs below 2 keV in the rest

frame. Placing the slab at less than half the tracer redshift may better trace the

low keV X-ray absorption, but would not reflect the impact on the observed cross-

section which scales approximately as E−2.5.Therefore for redshifted absorbers with

a fixed observed energy window, the cross section scales as ∼ (1+z)−2.5. To show the

impact of placing the slab at different redshifts, I used QSO 143023.73+420436.5

which is located at z = 4.71 as an example. The spectrum was fitted moving the

IGM slab from z = 0 to 4.71, freezing log(T/K) = 6 and [X/H] = −1. The Nhxigm

is not substantially affected by the choice of redshift location, apart from at z = 0

which would not reflect any IGM absorption (see Fig. 1.9). The uncertainties are

small as there are less free parameters than the full free model.

As discussed in Section 1.2.2, equilibrium conditions in the IGM are assumed. Prior

to modelling and fitting the first tracers, GRBs, I reviewed the impact on poten-

tial IGM absorption of variations in the model free parameters such as metallicity,

redshift, temperature (CIE) and photoionisation (PIE). This was done using trans-
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Figure 1.10: Impact of varying metallicity on transmission in the IGM. Left panel
assumes PIE with redshift and ξ (xi in the plot legend) fixed. Right panel assumes
CIE with temperature and redshift fixed

mission plots generated with xspec, with certain parameters fixed and varying a

single IGM parameter of interest. In the following subsections, I give a sample of

plots produced highlighting the differing impacts of the IGM parameter values on

transmission.

(i) Metallicity For an IGM equilibrium scenario, the opacity (τIGM(E, z,Z) of

metallicity (Z) relative to solar at observed photon energy E for a source at redshift

z is (from Starling et al., 2013), adapted from (Behar et al., 2011)

τIGM(E, z,Z) =
n0c
H0

∫ z

0
(σHHe(E, z) + σmetals(E, z,Z)) ×

(1 + z)2dz

[ΩM(1 + z)3 + ΩΛ]
1
2

(1.2)

where n0 is the hydrogen density at redshift zero, H0 is the Hubble constant, ΩM

and ΩΛ are the matter and dark energy fractions of the critical energy density of

the Universe. As the metallicity in the IGM reduces, the potential absorption by

ions decreases. In Fig. 1.10 left panel, the impact on transmission is shown for a

PIE IGM model with redshift and ionisation parameter (ξ or xi in the legend) fixed

and three different values of metallicity. When the plots were repeated using the

CIE model with a fixed temperature and redshift, it was noted that the metallicity

variations had very similar impacts on transmission (Fig. 1.10 right panel).

31



1.6. My contribution to the field

Figure 1.11: Impact of varying temperature and redshift on transmission in the
IGM for CIE. Left panel assumes metallicity and redshift fixed with T at different
values. Right panel assumes metallicity and temperature fixed with different red-
shift values. Z is in solar units.

(ii) CIE redshift and temperature impact In Fig 1.11, I show the impact of

varying temperature and redshift for a CIE IGM model on transmission, with

metallicity fixed. In the left panel, with redshift and metallicity fixed, transmission

is far greater at log(T/K) = 6 compared to 4. In the right panel, the significant

impact of redshift on transmission is clear, where the IGM slab redshift is given for

z = 0, 1 and 5.

In summary, initial trials using xspec to generate transmission plots for IGM mod-

els using the slab approach were useful in understanding the impact on transmission

in the IGM under different CIE and PIE scenarios.

1.6 My contribution to the field

This thesis derives values for IGM properties by fitting models to the X-ray spectra

of highly luminous distant tracers i.e. baryon densities, metallicity, temperature

and ionisation parameters. My contributions include demonstrating that these

tracers can indeed be used to generate and anlayse such IGM parameters. An

essential part of this work is examining each tracer host environment, modelling

it realistically, in order to isolate IGM absorption. Further, the use of different
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tracer objects, across a substantial redshift range enables comparative analysis to

determine if the tracers show consistent results that can more robustly parameterise

the properties of the IGM. The results are also used to examine whether they

are consistent with or challenge the current ΛCDM concordance model e.g. in

terms of column density and redshift. I will demonstrate that the IGM contributes

significantly to column density in tracers, proportional to redshift. My contribution

also includes examining the impact of the prior conventional assumptions used for

IGM tracers, and a better understanding of the reliability of the results given the

risk of unrealistic assumptions, degeneracies and limitations of current instrument

signal to noise and spectral resolution.
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Chapter 2

Gamma-ray bursts as tracers of

the IGM using realistic host

galaxy metallicities

This paper was published as Dalton T., Morris S. L., 2020, MNRAS, 495, 2342,

and reproduced here with minor formatting changes.

2.1 Summary

It is known that the gamma-ray burst (GRB) equivalent hydrogen column dens-

ity (Nhx) changes with redshift and that, typically, Nhx is greater than the GRB

host neutral hydrogen column density. We have compiled a large sample of data

for GRB Nhxigm and metallicity [X/H]. The main aims of this paper are to

generate improved Nhx for our sample by using actual metallicities, dust corrected

where available for detections, and for the remaining GRB, a more realistic average

intrinsic metallicity using a standard adjustment from solar. Then, by approxim-

ating the GRB host intrinsic hydrogen column density using the measured neutral

column adjusted for the ionisation fraction (Nh i,ic), we isolate a more accurate

estimate for the intergalactic medium (IGM) contribution. The GRB sample mean
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metallicity is = −1.17 ± 0.09 rms (or 0.07 ± 0.02 Z/Z⊙) from a sample of 36 GRB

with a redshift 1.76 ≤ z ≤ 5.91, substantially lower than the assumption of solar

metallicity used as standard for many fitted Nhx. Lower GRB host mean metal-

licity results in increased Nhx estimated with the correction scaling with redshift

as ∆log(Nhx cm−2) = (0.59 ± 0.04)log(1 + z) + 0.18 ± 0.02. Of the 128 GRB with

data for both Nhx and Nh i,ic in our sample, only 6 have Nh i,ic > Nhx when

revised for realistic metallicity, compared to 32 when solar metallicity is assumed.

The lower envelope of the revised Nhx−Nh i,ic, plotted against redshift can be fit

by log(Nhx −Nh i,ic cm−2) = 20.3 + 2.4 log(1 + z). This is taken to be an estimate

for the maximum IGM hydrogen column density as a function of redshift. Using

this approach, we estimate an upper limit to the hydrogen density at redshift zero

(n0) to be consistent with n0 = 0.17 × 10−7 cm−3.

2.2 Introduction

GRBs are among the most powerful explosions known in the universe, see Schady

(2017, hereafter S17) for a recent general review of GRB. Given the huge range of

redshifts and distances for GRBs, and their high luminosities combined with the

broad energy range of observed emissions, GRBs provide a valuable probe of all

baryonic matter along the line-of-sight (LOS). X-ray absorption yields information

on the total absorbing column density of the matter between the observer and the

source because any element that is not fully ionised contributes to the absorption

of X-rays (scattering by electrons becomes important at high energy above 10keV

(Wilms et al., 2000, hereafter W00). Although the X-ray absorption cross-section is

often dominated by metals, with hydrogen and helium contribution being minimal

but not nil (Fig.1 W00), it is typically reported as an equivalent hydrogen column

density. Nhx consists of contributions from the local GRB environment, the IGM,

and our own Galactic medium. However, X-ray absorption cannot reveal the red-

shift of the matter in the column due to a lack of spectral resolution and signal to
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noise. It is important to note that the common practice is to make the simplifying

assumption that all X-ray absorption in excess of Galactic is at the redshift of the

host, neglecting any IGM contribution (e.g Watson et al., 2007; Starling et al.,

2013, hereafter S13). The GRB Nhx versus redshift relation has been investigated

for many years. Early reports were based on small samples (e.g. Campana et al.,

2010; Behar et al., 2011; Watson et al., 2013). A claimed strong correlation with

redshift has recently been updated and confirmed with a much larger GRB sample

by Rahin and Behar (2019). It has also been reported in many papers that the

neutral intrinsic hydrogen column (Nhi) in GRB DLAs has no significant correl-

ation with redshift (e.g. Watson et al., 2007). Further, it was also noted in these

papers, that Nhx exceeds Nhi in GRB, often by over an order of magnitude.

The cause of an Nhx excess over Nhi, and the Nhx correlation with redshift is the

source of much debate. One school of thought argues that the GRB host accounts

for all the excess and evolution, e.g. a dense environment near the burst location

(Campana et al., 2012, hereafter C12), ultra-ionised gas in the environment of

the GRB (Schady et al., 2011, hereafter S11), dust extinction bias (Watson and

Jakobsson, 2012), dense Helium He ii regions close to the GRB (Watson et al.,

2013), and/or a host galaxy mass Nhx relation (Buchner et al., 2017). Models for

GRB Nhx being produced exclusively by gas intrinsic to the GRB host galaxy have

required extreme conditions to be present within the absorbing material. The other

school of thought argues that some of the excess Nhx and redshift correlation is due

to the full integrated LOS including the diffuse IGM and intervening objects. Behar

et al. (2011) modelled the effects of a cold, neutral, highly metal-enriched IGM

model and showed that, at high redshift, this could produce the dominant excess X-

ray absorption component. S13 modelled a more realistic warm IGM (WHIM) with

temperature of between 105 − 106.5K and metallicity of ∼ 0.2Z/Z⊙. Campana et al.

(2015) used cosmological simulations to model the WHIM. Their results suggested

that most of the excess Nhx absorption arises from discrete over-densities along the

LOS to GRB, supporting the possibility of a significant contribution of the IGM
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to the Nhx - redshift relation.

All of the theories thus far have relied upon key assumptions (listed below) which,

if unrealistic, will substantially affect the results.

2.2.1 Metallicity

It is known that GRB galaxy hosts have, on average, sub-solar metallicity, and

that assuming solar metallicity in the X-ray fits introduces a systematic error, and

generates an Nhx that is effectively, a minimum (Krühler et al., 2015; Tanga et al.,

2016, S13). Further, models for the WHIM integrated gas density along the LOS

heavily rely on the assumed gas metallicity of the WHIM. It is standard practice

currently to assume solar metallicity when fitting models to GRB X-ray spectra.

The main reasons for this historically were the small numbers of reliable metallicity

measurements and poor constraints on any redshift metallicity evolution (S13).

Even an assumption of solar metallicity, however, can lead to inconsistencies, as

research improves the knowledge of solar abundances. The solar abundances of the

key metals reported in the literature have undergone considerable changes in recent

decades, for a useful review see Asplund et al. (2009). The X-ray fitting software

xspec∗ (Arnaud, 1996) is the most commonly used for GRB. Within XSPEC, the

default solar abundances are those of Anders and Grevesse (1989). However, there

are six other options for solar abundance in XSPEC. The more commonly used is

that of W00. S13 noted that their results using W00 abundances were consistently

higher than the Nhx reported in the UK Swift Science Data Centre† repository

(hereafter Swift), which at the time were based on Anders and Grevesse (1989).

These have since been updated using W00.

Some comments have been made in literature as to how Nhx scales with metallicity

e.g. S13 stated that Nhx scales approximately with metallicity, and Krongold and

Prochaska (2013) stated that the X-ray estimated oxygen column density has a

∗https://heasarc.gsfc.nasa.gov/xanadu/xspec/
†www.swift.ac.uk
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2.2.2. Location of excess absorption

linear dependence on metallicity and density. Metallicity is the main focus of

this paper and Section 2.4 examines the impact of the assumed metallicity on the

derived Nhx in some detail.

2.2.2 Location of excess absorption

It is standard practice, when fitting models to GRB spectra, to assume all absorp-

tion in excess of the Galactic contribution is at the redshift of the GRB. X-ray

optical depth is a function of frequency or energy, due to the frequency depend-

ence of the cross-section (Morrison and Mccammon, 1983). The scaling relation

between the observed amount of X-ray absorption for GRB and redshift was found

by Campana et al. (2014b) to be approximated by

Nh(z = 0) =
Nh(z)
1 + za , a = 2.4 (2.1)

The error in X-ray column density produced by assuming the total absorption is at

the GRB redshift arises from the difference in redshift between the GRB and any

intervening contributor. Hence, the potential error in Nhx increases with redshift

of the GRB, dependant on the amount of IGM absorption, its location, and any

error in the scaling law assumed. The IGM hydrogen column estimation is highly

uncertain as the metal pollution is very poorly determined (e.g Fumagalli, 2014;

Maiolino and Mannucci, 2019).

2.2.3 Neutral fraction

The value found for the column density is almost always determined assuming a

100 per cent neutral absorbing gas (e.g Behar et al., 2011, S11, S13). An ionised

absorber would have a lower cross-section at X-ray energies, and a larger column

density would be required to produce the same opacity. Therefore, the neutral

assumption could cause Nhx to be underestimated (S11).
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2.2.4 Galactic absorption

Column densities for GRB reported have normally had the Galaxy contribution

NhGal removed. The most common references for the NhGal are the Leiden

Argentine Bonn (LAB) H I survey (Kalberla et al., 2005) and Willingale et al.

(2013).

In conclusion, Nhx, based on an assumed solar metallicity and 100 per cent neutral

absorbing gas should be considered as a lower limit. Further, the inconsistent use

or lack of reporting of the assumed metallicity, neutral fraction, and scaling factors

can add uncertainty to any analysis using published data.

The hypothesis of this paper is that the IGM contributes to the total hydrogen

column density, with the contribution increasing with redshift, as observed in GRB

Nhx, and that by correcting the GRB Nhx using a more realistic GRB intrinsic

metallicity, and estimating the host Nh using the measured neutral intrinsic Nhi

adjusted for ionisation fraction (from optical spectra rest-frame UV of GRB after-

glow), we can isolate a more accurate Nhigm contribution. The objectives of this

paper are: (i) A review of the literature on the metallicities of GRB host envir-

onments to obtain improved values to use when estimating Nhx, (ii) To present a

revised GRB Nhx, using these more realistic metallicities and hence to update the

Nhx – redshift relation. (iii) To isolate the IGM contribution to the total Nhx in

GRB, by using GRB ionised corrected Nh i,ic as an estimate of the GRB intrinsic

Nhx and plotting Nhx – Nh i,ic against redshift, after the improved metal cor-

rections have been used. (iv) To compare an estimated Nhigm based on a simple

model of the IGM with our lower envelope for Nhx based on realistic metallicities

and with the intrinsic Nh i,ic removed. Section 2.3 sets out the methodology, data

selection approach, and the data used. Section 2.4 presents the results with a dis-

cussion and an analysis. Section 2.5 sets out the main conclusions. The Appendix

to chapter 2 gives further details on the Section 2.4 analysis, including the metal-

licity and the resulting fractional increase in Nhx with redshift. Throughout this
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paper, the term ‘metallicity’ is used synonymously with metal abundance [X/H]∗.

Where relevant, the ΛCDM cosmology variables used are H0 = 70 km s−1 Mpc−1 ,

Ωm = 0.3, and ΩΛ = 0.7 unless otherwise stated.

2.3 Methodology and Data Selection

The full sample used here consists of all Swift X-ray Telescope (XRT) (Burrows

et al., 2005)(hereinafter Swift) observed GRB with spectroscopic redshift available

up to 2019 July 31, plus GRB090429B which has a photometric redshift of 9.4

(Cucchiara et al., 2011). The vast majority of the Nhx data is taken from the Swift

repository to ensure a homogeneous data set (S13). Alternative sources were used

only where detections with measured errors were available, and where Swift has

only reported column density lower limits consistent with zero, or where the errors

reported in the alternative source were smaller e.g. Arcodia et al. (2016) used a

stricter methodology by selecting specific time intervals when hardness ratios were

constant to minimize spectral variations. For all sources, we endeavoured to ensure

the methodology and selection criteria were consistent in terms of confidence level

and xspec models used. Data from the Swift repository for Nhx were taken from

the Photon Counting Late Time mode, as they are most likely to be a more stable,

final value since spectral slope evolution is more prevalent at early times, leading

to poor quality fits using a single power law (Page, K., private communication).

All Nhx error bars reported are the 90 per cent confidence range, unless otherwise

stated.

We follow the Swift repository reporting conventions for Nhx i.e. we treat as an

upper limit the cases where the best fit Nhx is zero. Further, where the lower

limit of the 90 per cent confidence interval includes zero, we use the best-fitting

Nhx but use a different symbol for these objects in our figures. Where we refitted

spectra for analysis, xspec v12.10.1 was used. Spectra were fitted with a power

∗[X/H] = log(X/H) - log(X/H) solar, where X is the metal element, and H is Hydrogen
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2.3. Methodology and Data Selection

law in the X-ray band from 0.3 to 10.0 keV, which is suitable for the vast majority

of GRB and again is consistent with the Swift repository (S13). A fixed Galactic

component is taken from Swift based on Willingale et al. (2013). The model used

in xspec was tbabs*ztbabs*po where the initial assumption we want to use

is that all absorption in excess of Galactic is at the host redshift. tbabs is the

Galactic ISM absorption model, ztbabs is the same model placing the absorp-

tion at a fixed redshift and po is the power-law intrinsic spectral model. Isotopic

abundances from W00 were used with the assumption of solar metallicity initially.

In Section 2.4, where we examine more realistic metallicities for GRBs, the xspec

model tbvarabs was used instead of ztbabs which allows the individual metal

abundances to be varied from solar values. Cash statistics (Cstat) were used in

xspec as this is required for spectra with low count rates, and is consistent with

the Swift repository (Cash, 1979).

The selection of a sample can introduce bias. Perley et al. (2015) found that GRB

with measured redshifts tend to be found in brighter galaxies, which could produce

such a bias. However, Rahin and Behar (2019) compared the Nhx versus redshift

trend for that paper’s (smaller) unbiased sample with the full Swift sample and

found no notable difference. In, Section 2.4, where we require that GRB have both

optical and X-ray spectra, this requirement can introduce a selection effect against

dim or highly dust extinguished GRBs (S11). It is estimated that between 25 and

40 percent of GRBs are undetected in the optical wavelength range as a result of

dust extinction (e.g. Greiner et al., 2011). Therefore, the conclusions in that section

may not apply to dust extinguished or dim GRBs.

All data for Nhi were taken from Tanvir et al. (2019b). Of the 140 objects in

their sample, we have used 128 which have Nhx data in our analysis. In Section

2.4, we adjust the Nhi for the ionisation fraction for log(Nhi cm−2) ≤ 20. The

redshift range in our full GRB NHX sample is from 0.03 to 9.4, while the Nhi

sample redshift range is from 1.6 to 6.73. The lower Nhi redshift cut-off is due to

the requirement that the observed wavelength of the Ly α absorption line be in the
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2.3. Methodology and Data Selection

Table 2.1: The GRB full sample (extract shown here - see the online version of this
paper for the complete table with all values listed). Column (1) GRB identification,
(2) spectroscopic redshift (photometric for GRB090429B), (3) log(Nhx/cm−2) , (4)
Refs for log(Nhx/cm−2) (note all are from the Swift repository if no ref given), (5)
log(Nhi/cm−2) (all from Tanvir et al. (2019b)). Those with ‘IC’ have been corrected
for ionisation fraction, (6) [X/H], (7) refs for [X/H].

GRB z log( Nhx
cm−2 ) Nhx Ref log( Nhi,ic

cm−2 ) [X/H] [X/H] Ref.

090926A 2.11 21.74+0.19
−0.17 1 21.55 ± 0.10 −1.97 ± 0.11 2

090809 2.74 21.85+0.27
−0.85 - 21.70 ± 0.20 −0.86 ± 0.13 2

080210 2.64 21.32+0.21
−0.32 - 21.90 ± 0.10 −1.21 ± 0.16 3

090313 3.38 21.64+0.13
−0.18 - 21.30 ± 0.20 −1.40 ± 0.30 2

120909A 3.93 21.41+0.16
−0.24 - 21.70 ± 0.10 −1.06 ± 0.20 2

Table 1 Refs: (1) (Zafar et al., 2018), (2) (Bolmer et al., 2019), (3) (Arabsalmani
et al., 2018)

visible/UV band.

In Section 2.4.5, we analyse the impacts on Nhx of using metallicities that more

realistically reflect the LOS absorption through the entire host galaxy. X-ray ab-

sorption is dominated by the metals and H and He are relatively unimportant.

Below 1 keV, C, N, O, and Ne are the main absorbers, while above 1 keV, Si, S,

and Fe dominate (W00). W00 also note that interpreting X-ray observations is

subject to the uncertainties remaining in the atomic data. Data for metallicities

in Table 2.1 are all UV/optical absorption line based. Absorption metallicities

measure the metal enrichment of gas along the LOS from the GRB through the

galaxy.

Table 2.1 contains the data for an extract of the full GRB sample for redshift, Nhx,

Nh i,ic and metallicity where data are available. We list in the table extract, a

sample of five GRB with data for all columns (see the online version of this paper

for the complete table with all values listed). (See Appendix chapter 2 for an

investigation about whether a flux limited sample would introduce any substantial

bias).
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2.4 Results and Analysis

In this section, we examine the distributions of GRB Nhx and Nhi with redshift,

and the use of adjusted Nhi,ic as an approximation for the GRB host intrinsic

contribution to the total integrated hydrogen column density to isolate the IGM

column density. We then examine GRB host metallicity to derive a more accurate

metallicity to use in xspec fitting to get an improved Nhx. Finally, we replot

the distributions of revised Nhx and Nhx – Nhi,ic with redshift to get the lower

envelope of GRB Nhx as a step towards constraining Nhxigm.

2.4.1 NHX and redshift

Fig. 2.1 shows the distribution of Nhx with redshift (based on the standard assump-

tions of solar metallicity and that all the absorption, Nhx is at the GRB redshift)

for the full Swift observed sample with known spectroscopic redshift (with the ex-

ception of GRB090429B where the redshift is a photometric estimate). Where an

estimate of the actual Nhx was available from the Swift repository but the 90 per

cent confidence interval included zero, these are plotted with a yellow dot. Yellow

dots with arrows are the upper limits where the Swift repository has a best fit of

zero Nhx.

A relationship or dependence between Nhx and redshift has been reported in several

papers over the last decade (e.g. Behar et al., 2011, S13). The correlation statistics

for the full 352 GRB sample are Pearson r = 0.29 and Spearman ρ = 0.55. For

the detection only sample (226 GRB), the correlation results are Pearson r = 0.51

and Spearman ρ = 0.49. Both samples pass the null hypothesis test, indicating

that the correlation seen is significant. However, when we used an error weighted

least-squares fit to a linear model (χ2 ), the reduced χ2 was large, indicating either

that a simple linear redshift relation is not a realistic model or that there is an

additional substantial source of scatter. We checked for the impact of outliers with
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2.4.1. NHX and redshift

Figure 2.1: Distribution of intrinsic X-ray column densities with redshift for the
full 352 GRB Swift observed sample. The blue dots represent the GRB detections
with error bars. The orange dots are best fits where the 90 per cent confidence
interval includes zero. The orange dots with arrows are the upper limits where Swift
repository has a best fit of zero. The blue line is the χ2 best fit with for the GRB
data with error bars. The orange line represents the integrated hydrogen density
(Nhigm) from a simple diffuse IGM model (see equation 2.2). The correlation
statistics for the full 352 GRB sample are Pearson r = 0.29 and Spearman ρ = 0.55
(for the detection only sample (226 GRB) r = 0.51 and ρ = 0.49)

high Nhx and very small error bars. To bring the reduced χ2 close to 1 would have

required the removal of over 10 per cent of the sample.

We include in Fig. 2.1 a simple model of the diffuse IGM following S13 (equation

5 in that paper) based on

Nhxigm =
n0c
H0

∫ z

0

(1 + z)2dz

[ΩM(1 + z)3 + ΩΛ]
1
2

(2.2)

where n0 is the hydrogen density at redshift zero, taken as 1.7 × 10−7 cm−3 (Behar

et al., 2011).

The solution to the integral from Shull and Danforth (2018)(equation 4 in that

paper) is
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2
3ΩM

((ΩM(1 + z)3 + ΩΛ)
1
2 − 1) (2.3)

In Fig. 2.1, we can see the Nhxigm model runs through the GRB data points. If it

is to represent the diffuse IGM only, we would expect all the GRB to be above this

curve (if there were no measurement errors). Given the large error bars for many

GRB, the IGM hypothesis could still be plausible where a small fraction, 10 per

cent approximately given the 90 per cent confidence, are below the curve. A much

higher fraction than 10 per cent are below the IGM curve in Fig.2.1. However, the

IGM model is admittedly very simple and therefore could poorly represent the real

Universe. Also, not all LOS will be at the mean density.

We note that our model is based on the mean hydrogen density as a simple model,

so the metallicity uncertainty in the IGM does not affect it directly. In our next

paper, the metallicity in different phases of the IGM will be reviewed in detail. We

examine this further in Section 2.4.3 onwards.

2.4.2 NHI review with redshift

In this section, we review the most recent substantial GRB Nhi sample from Tanvir

et al. (2019b) which consists of new measurements combined with those from liter-

ature. We examine this latest sample for any relations between Nhi and redshift,

or with Nhx.

Optical spectroscopy enables the approximate location of any neutral hydrogen

absorber to be identified. GRB hosts are typically found to have high column

densities of cold neutral gas, with a large fraction of GRB hosts containing a DLA

system (log(Nhi/cm−2) > 20.3) or sub-DLA (19.0 < log(Nhi/cm−2) < 20.3) (S11).

Much of the neutral gas component is found at a few hundred parsecs from the

GRB (Ledoux et al., 2009). The term ”cold” in this sense has been found to be

T/K < 500 (e.g. Neeleman et al., 2015; Heintz, 2019).
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Figure 2.2: Distribution of Nhi with redshift. No strong trends with redshift are
visible.

Fig. 2.2 shows the distribution of the GRB Nhi sample with redshift. Where not

specified in literature, we have assumed the errors are Gaussian and correspond

to one standard deviation. The Pearson r is -0.15 and Spearman ρ -0.10. Both

fail the null hypothesis test i.e. there is no statistically significant correlation. The

lack of a detectable redshift correlation for Nhi is in contrast with the clear redshift

correlation for Nhx. Clearly, this does not provide support for the argument that

redshift evolution in the GRB host properties is responsible for the redshift correl-

ation for Nhx. (See Appendix Chapter 2 for further review of any Nhi correlation

with Nhx).

2.4.3 Using NHI,IC as proxy for the GRB intrinsic contribution to NHX

Part of the aim of this paper is to attempt to isolate an IGM contribution to Nhx.

Here, we investigate the plausibility of assuming that the host intrinsic hydrogen

column density is equal to the measured ionised corrected intrinsic neutral column

(Nhi,ic) and examine the resulting residual column’s dependence on redshift. To

do this, we first make an ionisation correction (IC) to the hydrogen column density

as measured by Nhi using the approach described in Fumagalli et al. (2016) who
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Figure 2.3: Distribution of total Nhx minus localised Nhi,ic (which is being used
as a proxy of the intrinsic GRB hydrogen column density) in the sub-sample of
128 GRB with both Nhx and Nhi,ic. The blue dots are GRB detections for both
Nhx and Nhi,ic . The orange dots are best fits where the 90 per cent confidence
interval includes zero. The orange dots with arrows are the upper limits where
Swift repository has a best fit of zero. Where Nhx minus Nhi,ic < 0 they are
placed at 20.0 on the y-axis. The orange line represents the integrated hydrogen
density (Nhigm) from a simple diffuse IGM model (see equation 2.2). A power law
fit to the Nhx minus Nhi,ic < 0 versus redshift trend scales as (1 + z)3.5±0.1 (grey
line with reduced χ2 = 1.02). Pearson and Spearman correlation coefficients are
0.75 and 0.69 respectively for the detections, and 0.55 and 0.59 for the full sample
where Nhx > Nhi,ic taking limits as detections.

observed that neutral fraction is a function of Nhi. The neutral fraction drops

rapidly from ∼ 0.7 at log(Nhi/cm−2) ∼ 20 to ∼ 0.02 at ∼log(Nhi/cm −2) ∼ 18 with

a 0.3 dex characteristic error. As the vast majority of GRB are in hosts with high

column density DLAs, only 11 out of 128 GRB sample required an IC.

Of the 128 GRB with data for both Nhx and Nhi in our sample, 96 have Nhx >

Nhi,ic. In Fig.2.3, these are plotted, with the remaining 32 placed at the bottom

of the figure for completeness. 32 of the GRB from this sub-sample (blue dots)

are detections for both column densities. Where an estimate of Nhx was available

from the Swift repository but the confidence interval included zero, the object was
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plotted with a orange dot. The orange dots with arrows are the upper limits where

Swift repository has a best fit of zero Nhx. The correlation statistics for Nhx and

redshift for the sub-sample of 32 GRB detections with Nhx > Nhi are Pearson r =

0.75 and Spearman ρ = 0.69 (for the full 128 sub-sample taking limits as detections

one gets r = 0.55, ρ = 0.59.) The Nhx−Nhi,ic relation with redshift is much more

significant than for a Nhx alone. The reduced χ2 = 1.02 for a linear fit of the

detection sample with the form Nhx − Nhi,ic ∝ (1 + z)3.5±0.1. It can be argued

that this result supports the case for using Nhi,ic as a proxy for the GRB intrinsic

hydrogen column density, leaving the major remaining column density contribution

being from the IGM. Note that there could be bias due to the exclusion of data

with upper limits only. A further caveat is that a large part of the sub-sample

has been excluded as the X-ray or UV column density was not measured. The

fraction excluded because Nhi,ic > Nhx (32/128) is a cause for concern, as Nhx is

supposed to be the total column density. The large error bars on Nhx may account

for some of these. We can also see that the original Nhigm model is higher than

the majority of the estimated intervening absorption. This may indicate that the

IGM model is too simple e.g. it ignores LOS variation, or that the parameters used

in the simple model need to be adjusted. However, the result could well be due to

unrealistic assumptions of metallicity and ionisation for the GRB host galaxy. The

next section examines the effects of assumptions about GRB host metallicity.

2.4.4 GRB host metallicity

GRB typically occur in sub-solar metallicity galaxy host environments (Cucchiara

et al., 2015; Krühler et al., 2015, S13). Our sub-sample of 36 GRB with a range

in redshift of 1.76 ≤ z ≤ 5.91, and [X/H] from -2.18 to 0.25 is plotted in Fig. 2.4.

Where data from multiple sources were available, we took those with the smallest

reported errors. Further, we only used data with detections and error bars, and

excluded those with lower limits only. This resulted in omitting most of the 55

GRB from Cucchiara et al. (2015, hereafter C15). The Pearson and Spearman
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Figure 2.4: Distribution of the combined GRB absorption-based metallicities (blue
dots) with redshift. The GRB absorption sample mean metallicity is −1.17±0.09 (or
0.07±0.05Z/Z⊙). The orange dots are the weighted average metallicity over specific
redshift bins of bins ∆z = 1 (except for z = 4 to 6 as there is only one GRB with
z > 5) weighted by the total Nhi. The Pearson and Spearman correlation coefficients
are r = -0.24 and ρ = −0.27, both correlations failing the null hypothesis tests,
indicating there is no statistically significant correlation between GRB metallicity
and redshift. The blue line is the χ2 linear fit to the blue dot data. The orange line
is the best linear fit to the orange dots for the weighted average [X/H] and shows
possible evolution (see Appendix Chapter 2 for more discussion

).

correlation coefficients are r = -0.24 and ρ = −0.27. However, both correlations fail

the null hypothesis test, indicating there is no statistically significant correlation

between GRB metallicity and redshift. The blue line is the best linear fit to the

data is

[X/H] = (−1.01 ± 0.04) − (0.09 ± 0.01)z (2.4)

This possible mild metallicity evolution of GRB intrinsic gas with redshift is noted

in some of the literature. For non-GRB absorption systems, stronger evolution is

seen. For example, De Cia et al. (2018) reported evolution with a slope of ∼ 0.32z.
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Figure 2.5: Plot of the dust correction to metallicities [M/H]-[X/H] by redshift for
the Bolmer et al. (2019) GRB sample. The Pearson and Spearman coefficients are
-0.14 and 0.03, respectively, and both fail the null hypothesis tests for a significant
correlation. There is no detectable evolution.

However, GRB metallicity does not appear to evolve as much, if at all, based on

our sample. This is consistent with C15, for example.

It is well known that dust depletion affects the determination of metallicity in GRBs

(e.g. Savaglio, 2006; De Cia et al., 2013). In Bolmer et al. (2019), 22 GRB are stud-

ied at z > 2 for features including dust depletion measurements and any relation

to redshift. Based on this sample, they found that, on average, the dust corrected

metallicity [M/H] = −1.09 ± 0.50 compared with −1.27 ± 0.37 for the uncorrected

metallicity (0.08 Z/Z⊙ versus 0.05 Z/Z⊙, respectively). This is an average correction

of 0.2 dex which is considerably lower than found by De Cia (2018) (0.4-0.5 dex)

for non-GRB objects. In Fig. 2.5, we plot the dust correction [M/H]− [X/H] versus

redshift for the Bolmer et al. (2019) sample, to see if there is any obvious evolution

with redshift. No detectable evolution is seen. The Pearson and Spearman coeffi-

cients for Fig. 2.5 are -0.14 and 0.03, respectively and both fail the null hypothesis

tests for a significant correlation.

Where actual dust corrections are not available, an argument can be made for using

a standard dust correction to metallicity for xspec fitting for example, based on

the Bolmer et al. (2019) mean value of 0.2 dex. This mean correction increases the
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average metallicity in our sample from 0.07 to 0.11Z/Z⊙.

While this is an important correction to [X/H], the impact on revised Nhx is very

small as the corrected metallicity is still << solar [X/H]. Testing a sample of GRBs

at redshift from 1 to 7, the change in log(Nhx/cm−2) after making a dust correction

was 0.03 to 0.06 dex. Further, how any dust correction is estimated and used in the

literature is not always clear. In conclusion, given that the impact of an average

dust correction to Nhx is very small, we do not consider that a standard dust

correction to the metallicity adjustment is appropriate.

In conclusion, from our GRB metallicity review, the GRB absorption sample mean

metallicity is equal to −1.17 ± 0.09 or (0.07 ± 0.02 Z/Z⊙). In further analysis there-

fore, we use the actual metallicity, dust corrected, for detections where available.

While noting that some of the literature claims that there is possible mild redshift

evolution in GRB host absorption, for the reasons outlined, we chose to use the

average metallicity, without evolution or dust correction, of 0.07 Z/Z⊙ for the re-

maining GRB. This is certainly a more realistic value than simply assuming solar

metallicity in revisiting the Nhx for the full GRB sample in the next section.

2.4.5 Impact of metallicity assumptions on NHX

We wish to examine the impact on GRB Nhx fits in xspec of using actual dust

corrected metallicities for GRB detections where available. For the remaining

GRB, we examine a more realistic average host metallicity than solar, and im-

portantly, look at the variation with redshift. To do this, we used an xspec model

tbabs*tbvarabs*po for the X-ray data from GRB151027A (a very high S/N

GRB), varying the modelled host redshift between 0 and 10 and testing for metal-

licities Z/Z⊙ = 0.07 (the mean from our sample in Section 2.4.4), and solar. A

lower metallicity results in an increased fitted Nhx, with the increase varying with

redshift (see Appendix chapter 2 for more details). In order to see whether this

correction is consistent for different GRB X-ray spectra, we plotted the fractional
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increase in fitted Nhx with redshift for a test sample of three high S/N GRB spectra

with differing reported redshifts and Nhx. Again, we varied the redshifts between

0 and 10 and used metallicity = 0.07 Z/Z⊙ compared with the value assuming solar

metallicity. The fractional increase in Nhx with redshift is very similar for the three

GRB. A power law-fit to the increase for GRB151027A is (orange line in Appendix

Fig. 2.11)

∆log(Nhx/cm−2) = (0.59 ± 0.04)log(1 + z) + (0.18 ± 0.02) (2.5)

A more accurate power law could be obtained from a combined fit for the three

GRB. However, this fit is deemed sufficient for the purposes of analysing the impact

of a more realistic general metallicity assumption when calculating Nhx.

2.4.6 GRB NHX revised for realistic host metallicity

Using actual metallicities, dust corrected where available, and the above power law

relation for the remaining GRB, we use the new Nhx for our full GRB sample and

replot the relation with redshift in Fig. 2.6.

The Pearson and Spearman correlation coefficients are 0.59 and 0.61, respectively,

for GRB detections in Fig. 2.6, which are stronger than prior to the correction for

a low metallicity. The blue dots are GRB detections. The orange dots with arrows

are upper limits where the fitted Nhx are 0, and orange dots are where the 90 per

cent confidence interval includes zero. The orange line in Fig. 2.6 is the simple

model IGM line from equation 2.2. The blue line is an estimate of the GRB lower

envelope based on a requirement of having 90 per cent of detections including their

error bars to be above the envelope.

log(Nhx/cm−2) = 20.3 + 2.4log(1 + z) (2.6)
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2.4.6. GRB NHX revised for realistic host metallicity

Figure 2.6: GRB Nhx revised using actual metallicities, dust corrected where avail-
able and a mean metallicity of 0.07 Z/Z⊙ for the remaining GRB. The blue dots
represent the GRB detections with error bars. The orange dots are best fits where
the 90 per cent confidence interval includes zero. The orange dots with arrows
are the upper limits where Swift repository has a best fit of zero. The orange line
represents the integrated hydrogen density (Nhigm) from a simple diffuse IGM
model (see equation 2.2). The blue line is the GRB lower envelope based on the
requirement for 90 per cent of detections, including error bars to be above the
envelope, with log(Nhx(z = 0)/cm−2) = 20.3. The green line is the envelope with
the requirement that 99 per cent of all GRB, ignoring error bars, are above the
envelope, which has log(Nhx(z = 0)/cm−2) = 19.5 following the rule of thumb in
Campana et al. (2015). Both these envelopes are plotted with assumed slopes of
(1 + z)2.4 (Campana et al., 2014a). The Pearson and Spearman correlation coeffi-
cients are 0.59 and 0.61, respectively, for GRB detections and 0.62 and 0.62 for the
full sample treating the limits as detections

The green line is an estimate of the lower envelope based on the requirement that

99 per cent of all GRB measurements, ignoring error bars and treating any upper

limits as detections, are above the envelope, using the rule of thumb in Campana

et al. (2015) (note that they put Nhx at the top of the 90 per cent confidence

interval where the 90 per cent confidence interval of a fit includes zero, whereas we

use the Swift best estimate Nhx which is lower, except for those with best estimates

equal to zero).

log(Nhx/cm−2) = 19.5 + 2.4log(1 + z) (2.7)
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2.4.7. Revised GRB NHX – NHI,IC

The envelope fits may give an indication of the maximum Nhxigm potential con-

tribution to Nhx. Both the envelopes have been assumed to scale with redshift as

(1 + z)2.4 (Campana et al., 2014a), and we note that this may only be realistic for

a cold absorber and not for a warm absorber (S13). The GRB LOS goes through

a wide range of environments with different temperatures and densities. This will

change the effective absorption cross-section at different frequencies. However, we

will retain the cold absorber approximation for the current analysis. Using a χ2

fit, the revised Nhx for the detections scale as Nhx ∝ (1 + z)1.94±0.04. However, a

large reduced χ2 indicates that the relationship is not a simple power law or that

the data has a large additional source of scatter. We explore this further in Section

2.4.7. Of 226 GRB detections, only 11 are now below the Nhigm curve, not taking

error bars into account.

2.4.7 Revised GRB NHX – NHI,IC

As before, to isolate the IGM contribution to Nhx, we subtract from the revised

Nhx the GRB Nhi adjusted for an ionisation correction, as a proxy for intrinsic

hydrogen column density, as we did in Section 2.4.3, and plot the result against

redshift in Fig. 2.7. Of the 128 GRB with data for both Nhx and Nhi in our

sample, 122 now have Nhx > Nhi,ic. The Nhx − Nhi,ic for GRB detections now

has a best-fitting power-law slope of (1+ z)3.1±0.3 (grey line - with reduced χ2 = 2.6).

The Pearson and Spearman correlation coefficients are 0.65 and 0.67, respectively,

for the GRB detections, and 0.53 and 0.62 for the full sample with best fits being

treated as detections, where upper limits are treated as detections where the best

fit equals zero, and where Nhx > Nhi,ic.

This final figure is our best representation of the use of GRB X-ray spectral fits to

potentially constrain the IGM hydrogen column density. The blue line is the GRB

lower envelope based on the requirement for 90 percent of detections (equation

2.6), including error bars, to be above the envelope. Using eq.2.2, the orange line

is Nhigm for a mean hydrogen number density n0 = 1.7 × 10−7 cm−3. In Fig.
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Figure 2.7: Distribution of GRB revised Nhx−Nhi,ic with redshift. The blue dots
are GRB detections and the orange with arrows are upper limits where the Nhx
best fit is zero, or orange dots where the 90 per cent confidence interval of the
X-ray fit includes zero. Where Nhx < Nhi,ic the GRB are placed at the bottom
of the figure for completeness. The orange line represents the integrated hydrogen
density (Nhigm) from a simple diffuse IGM model (see equation 2.2). The blue line
is the GRB lower envelope based on the requirement for 90 per cent of detections,
including error bars to be above the envelope, with log(Nhx(z = 0)/cm−2) = 20.3.
The Nhx−Nhi,ic for GRB detections best fit has a power-law slope of (1+ z)3.1±0.3

(grey line, reduced χ2 = 2.6). The Pearson and Spearman correlation coefficients
are 0.65 and 0.67, respectively, for the GRB detections, and 0.53 and 0.62 for the
full sample with limits treated as detections and where Nhx < Nhi,ic.

2.3, 32 GRB had Nhx < Nhi,ic compared to only six based on the revised Nhx

for our updated GRB host metallicity in Fig. 2.7. Therefore, the more realistic

GRB metallicity generates a more plausible Nhx, if it is assumed to represent the

total hydrogen column density, which hence must be greater than the intrinsic

column density. Several of the GRB Nhx have only upper limits (orange dots with

arrows). Campana et al. (2015) used censored statistics to factor in both the GRB

with error bars and those with upper limits only. The inclusion of the upper limit

results was found to lower the resulting sample mean Nhx. This may suggest that

the requirement for high counts or sufficient resolution to determine fits with error
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2.4.7. Revised GRB NHX – NHI,IC

Table 2.2: Summary analysis for refitting of six GRB where the revised Nhx <
Nhi,ic and one where the revised Nhx − Nhi,ic is substantially below Nhigm. (1)
GRB name; (2) log(Nhi cm−2); (3) Measured metallicity from literature if available;
(4) revised log(Nhx cm−2); (5) Whether the revised Nhx > Nhi,ic); (6) log(Nhigm
cm−2) at the GRB redshift; and (7) whether the revised Nhx − Nhi,ic is greater
than Nhigm.

GRB log( Nhi
cm−2 ) Measured log( Nhx

cm−2 ) New Nhx log(Nhigm
cm−2 ) Nhx − Nhi,ic

Z/Z⊙ >Nhi,ic at GRB z > IGM?

050922C 21.55 ± 0.10 0.15a 22.04∗ Y 22.04 Y

120119A 22.60 ± 0.20 0.11b 22.45 ± 1.74 Y 21.91 Y

120815A 21.05 ± 0.10 0.04c 22.16∗ Y 22.09 Y

121027A 22.80 ± 0.30 ** 22.86 ± 1.20 Y 22.10 Y

160227A 22.40 ± 0.20 ** 22.08 ± 1.15 Y 22.10 within errors

181020A 22.20 ± 0.10 0.27c 22.38 ± 1.25 Y 22.22 Y

180624A 22.50 ± 0.20 ** 22.70 ± 3.40 Y 22.21 Y

Notes: Z/Z⊙ references: a (Arabsalmani et al., 2018), b (Heintz et al., 2019), c

(Bolmer et al., 2019), *log(Nhx) lower error bar not with 90 per cent confidence,
**metallicity unknown so 0.07 Z/Z⊙ used in fitting.

bars may introduce bias.

We examined the six GRB where the fitted Nhx was less than Nhi,ic. For these ob-

jects, Table 2.2 lists: (1) GRB name; (2) log(Nhi/cm−2 ); (3) Measured metallicity

from literature if available; (4) revised log(Nhx/cm−2); (5) Whether the revised

Nhx > Nhi,ic ); (6) log(Nhigm/cm−2) at the GRB redshift; and (7) whether the

revised Nhx−Nhi,ic is greater than Nhigm. We also include GRB180624A in the

table, which had a revised Nhx − Nhi,ic substantially below Nhigm.

We refitted each GRB in xspec using tbabs*tbvarabs*po using the actual re-

ported metallicity, or 0.07Z/Z⊙ otherwise. As can be seen from Table 2.2, all GRB

now have Nhx > Nhi,ic. Further, all show Nhx−Nhi,ic (GRB160227A within er-

ror bars) as proxy for the host intrinsic column density, being greater than Nhigm.

The refitting using the actual redshift and metallicity (or 0.07 otherwise) gives a

higher corrected Nhx as the power-law correction approximation marginally under-

states the actual relation between metallicity correction and redshift for redshift

between 0.3 <log(1+ z) < 0.8 (see Appendix chapter 2). Of the 67 GRB detections,
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five lie below the Nhigm curve in Fig. 2.7. None lie below the Nhigm curve after

refitting for more realistic or actual metallicity.

In conclusion, by using actual metallicities, dust corrected where available, and a

more realistic average GRB metallicity than the standard solar assumption for the

remainder, we have shown that the revised larger Nhx is greater than an ionisation

corrected Nhi for our entire sample of 128 GRB, where measurements of both are

available, together with a spectroscopic redshift. Further, the lower envelope of

Nhx − Nhi,ic is potentially a useful constraint on the IGM contribution to Nhx.

Finally, the metallicity revised Nhx − Nhi,ic for detections are mostly above the

simple model Nhigm curve further suggesting that this is a useful constraint on

the IGM hydrogen column density.

2.5 Conclusion

We compiled a large sample of all Swift X-ray Telescope observed GRB with

spectroscopic redshifts up to 2019 July 31 (with a photometric redshift only for

GRB090429B). Of this sample of 352 GRB with fitted X-ray equivalent hydrogen

column densities, 128 have also have intrinsic neutral hydrogen column density

measurements. We have also compiled a sample of absorption-based metallicity

data. The main aims of this paper are to generate improved Nhx for our sample

by using more realistic host metallicity and, by approximating the host intrinsic hy-

drogen column density as equal to the measured Nhx, with an ionisation correction

applied, to isolate the more accurate IGM column density contribution.

We analysed the impacts on Nhx of using metallicities that more realistically reflect

the LOS absorption through the host galaxy than the standard use of the solar

abundance. We discussed the possibility of using an average dust correction where

actual measurements were not available but it had an insignificant effect on Nhx.

Our main findings and conclusions are:
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1. While some of the literature notes that GRB metallicity shows a mild evolu-

tion with redshift, the Pearson, and Spearman correlation coefficients for our

sample are -0.24 and -0.27, respectively, and both correlations fail the null

hypothesis test, indicating there is no detected trend. Further, the large re-

duced χ2 of the fit means either that a linear model is not a good description

of any potential relation or that there is a large additional source of scat-

ter. Hence we do not find a statistically significant relation between GRB

metallicity and redshift.

2. The GRB absorption sample mean metallicity is [X/H] = −1.17 ± 0.09 (or

0.07 ± 0.02 Z/Z⊙). This is substantially lower than the assumption of solar

metallicity used as standard for many fitted Nhx.

3. We find that using a lower GRB host metallicity results in increasing the

fitted Nhx with the correction scaling with redshift. In order to determine

this relation at mean metallicity 0.07 Z/Z⊙, we plotted the fractional increase

in Nhx with redshift for some trial fits. We find that the fractional increase

in Nhx with redshift is very similar for a range of GRB fits. The power-law

relation for GRB151027A, used as a standard GRB for metallicity 0.07 Z/Z⊙

is ∆ log(Nhx cm−2) = (0.59 ± 0.04)log(1 + z) + (0.18 ± 0.02). A more accurate

power law could be obtained from a combined fit of a large sample of GRB.

However, this is sufficient for our purposes of analysing the impacts of a more

realistic general metallicity assumption for calculating Nhx.

4. Using actual metallicities, dust corrected where available, and, for the re-

maining GRB, our power-law relationship for the mean GRB host metallicity

of 0.07 Z/Z⊙, we revised the Nhx for our full GRB sample and replotted

the relation with redshift. To more accurately isolate the IGM contribu-

tion to the total hydrogen column density, we subtracted from the revised

Nhx the GRB Nhi after ionisation correction, as a proxy for the intrinsic

hydrogen X-ray column density, and plotted the result against redshift. Of
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the 128 GRB with data for both Nhx and Nhi in our sample, only six have

Nhi,ic greater than the revised Nhx, compared to 32 when solar metallicity

is assumed. Therefore, using more realistic GRB metallicities generates an

improved Nhx, if it is interpreted as representing the total hydrogen column

density, which must be greater than the local neutral column density. The

estimated Nhx − Nhi,ic for GRB detections now has a redshift dependence

of (1+ z)3.1±0.3 for the GRB detections, compared with power laws of 3.5± 0.1

for Nhx fitted assuming solar abundance. The Pearson and Spearman cor-

relation coefficients are 0.65 and 0.67, respectively, for the GRB detections,

and 0.53 and 0.62, respectively, for the full sample where Nhx > Nhi,ic.

5. The lower envelope of the revised Nhx > Nhi,ic plotted against redshift has

log(Nhx(z = 0)) = 20.3 cm−2 for our GRB sample of revised Nhx − Nhi,ic.

This is taken to be representative of the maximum IGM hydrogen column

density, based on the requirement for 90 per cent of detections, including

error bars, to be above the envelope. Using this approach, we estimate the

IGM n0 lower limit to be equal to 1.7× 10−7 cm−3 for the Nhigm curve which

is consistent with that used by Behar et al. (2011) and S13.

X-ray spectroscopy at higher resolution and at higher signal-to-noise than is cur-

rently available would be required to detect absorption edges from individual ions

in GRB. Such observations in the future, will provide valuable data on the distribu-

tion of the material along the line of sight, including its temperature, composition,

density, and ionisation state. The value found for the column density is almost

always determined assuming a 100 per cent neutral absorbing gas. This neutral

assumption would cause the Nhx to be underestimated if incorrect. Therefore, we

can further improve the Nhx and GRBs as probes of the IGM when higher res-

olution X-ray spectroscopy becomes available. We plan to examine the properties

of the IGM such as metallicity, temperature, and density in a subsequent paper to

develop a better IGM model and compare it with the results of this paper.
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2.6. Appendix - Chapter 2

Figure 2.8: X-ray equivalent hydrogen column density against the ratio of the
total error/Nhx. The blue vertical line is where total error/Nhx is 1. The scatter
appears random

2.6 Appendix - Chapter 2

2.6.1 S/N bias review

As we are mainly using Swift detected GRB where a redshift is available, we wished

to examine if an S/N limited sample would cause bias. As a proxy for S/N, we

plotted the log(Nhx) versus both log of total error in Nhx and total error/Nhx

for all detections in Fig. 2.8. Fig. 2.8 plots the X-ray equivalent hydrogen column

density against the ratio of the total error/Nhx where the total error is the 90 per

cent confidence range of the Nhx fit. The scatter appears random so any cut-off by

total error/Nhx should not result in a bias in Nhx. Fig. 2.9 plots the distribution

of Nhx against the total error for the detection. There is a clear strong correlation

so any cut-off for an S/N limited sample based on total error could produce a bias

towards low Nhx GRB values. As a test of the impact of using a flux limited sample,

we restricted a sub-sample to total error/Nhx < 1 resulting in 163 GRB. This sub-

sample had essentially the same properties as the GRB detection sample using the

Pearson and Spearman correlation coefficients and the Nhx versus redshift trend.
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2.6.2. NHX and NHI correlation review

Figure 2.9: The distribution of Nhx against the total error for the detection which
shows a strong correlation. An S/N limited sample based on total error would
introduce a bias to low Nhx GRB values

Based on these results, we chose to use our full samples and not limit by a minimum

flux.

2.6.2 NHX and NHI correlation review

In Fig. 2.10, we plot Nhx and Nhi,ic for the full sub-sample of 128 GRB with both

Nhx and Nhi data. No strong correlation is detected using a null hypothesis test,

with both Pearson and Spearman coefficients being 0.10. It can be argued that

this result strengthens the case that it is the IGM that is causing the Nhx redshift

relation and is not intrinsic to the GRB host.
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Figure 2.10: Plot of the log of the column densities for 128 GRB with both Nhx
and Nhi data from Tanvir et al. (2019b) with ionisation corrections. The blue dots
are GRB for which the Nhx are detections. The orange dots are GRB best fits
per Swift but where the 90 per cent confidence includes zero, and orange dots with
arrows where the best-fitting Nhx = 0. The line shows where Nhi,ic is equal to
Nhx. There is no correlation.

2.6.3 Power law for metallicity redshift scaled adjustment to NHX

To examine the impact on GRB Nhx fits in xspec using a more realistic mean

GRB host metallicity than solar, and the variation with redshift, we used an xspec

model tbabs*tbvarabs*po for GRB151027A (a high S/N GRB). We varied the

redshifts between 0 and 10 and used metallicity = 0.07 Z/Z⊙ in fitting Nhx. Fig.

2.11 shows a clear increasing metallicity adjusted log(Nhx) with redshift (blue line

for Z/Z⊙ = 0.07). In order to determine this relationship, and see whether it is

consistent for different GRB X-ray spectra, we plotted in Fig. 2.12 the fractional

increase in Nhx with redshift for a test sample of three high S/N GRB spectra with

differing reported redshifts and Nhx. The fractional increase in Nhx with redshift

is very similar for the three GRB. The power-law relation from a best-fitting least-
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Figure 2.11: Impact on fitted Nhx for GRB151027A varying the host redshift
between 0 and 10 and using metallicities of 0.07 Z/Z⊙ (mean from our sample in
Section 2.4.4), and solar. The blue line is with Z/Z⊙ = 0.07 and the grey Z = Z⊙.
A lower metallicity results in increasing the fitted Nhx with the increased varying
with redshift.

Figure 2.12: Comparison of the fractional increase in Nhx with redshift for
three high S/N GRB, blue is GRB151027A, red is GRB150403A, and green is
GRB120909A. The power-law relation yellow line is from a least-squares best fit
for GRB151027A, log(Nhx) = (0.59 ± 0.04)log(1 + z) + (0.18 ± 0.02)
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squares for GRB151027A is log(Nhx) = (0.59 ± 0.04)log(1 + z) + (0.18 ± 0.02).

We note that in Fig. 2.12, the power-law curve is higher at log(1 + z) < 0.2 and

log(1 + z) > 0.8. As a result, using this relation to adjust Nhx will result in

marginally higher values than actual at low and high redshift but is a reasonable

approximation for our purposes.

2.6.4 NHI weighted average metallicity of GRB hosts

The sample of metallicity measurements can be used to investigate the cosmic

metallicity at different redshifts. A method to do this is to weight the average

metallicity over a specific redshift bin with the total neutral hydrogen column

density in the same redshift interval (C15). We used redshifts bins of ∆z = 1 except

for redshift 4 to 6 as there was only one GRB data point for metallicity greater

than redshift 5 (see Fig.2.4). This weighted sample gives a marginally stronger

evolution for metallicity than for the individual GRB.

[X/H]Nhiweighted = (0.65 ± 0.07) − (0.15 ± 0.06)z (2.8)

Despite this possible mild evolution, in the high redshift range z > 4, all the GRB

are metal enriched from 0.02 to 0.17 Z/Z⊙, suggesting that substantial amounts

of metals were already present in galaxies the early Universe. The lack of clear

redshift evolution is in contrast with quasars (QSO) which show strong evolution

(Rafelski et al., 2014). A possible explanation for the lack of evolution is that

GRBs may be located in different environments to quasars (Fynbo et al., 2008,

C15). However, while this would affect the emission line metallicity, it should

impact less on the absorption metallicity which is tracing the average galaxy LOS

(Arabsalmani et al., 2018). We need far more GRB at high redshift to increase the

statistical significance of metallicity evolution. For this paper, we will not use the

Nhi weighted average values as we wish to establish a metallicity to be applied to

each GRB for the Nhx fitting.
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Chapter 3

Probing the physical properties of

the intergalactic medium using

gamma-ray bursts

This paper was published as Dalton T., Morris S. L., Fumagalli, M., 2020, MNRAS

502, 5981–5996, and reproduced here with minor formatting changes.

3.1 Summary

We use Gamma-ray burst (GRB) spectra total continuum absorption to estim-

ate the key intergalactic medium (IGM) properties of hydrogen column density

(Nhxigm), metallicity, temperature and ionisation parameter over a redshift range

of 1.6 ≤ z ≤ 6.3, using photo-ionisation (PIE) and collisional ionisation equilibrium

(CIE) models for the ionised plasma. We use more realistic host metallicity, dust

corrected where available, in generating the host absorption model, assuming that

the host intrinsic hydrogen column density is equal to the measured ionisation cor-

rected intrinsic neutral column from UV spectra (Nh i,ic). We find that the IGM

property results are similar, regardless of whether the model assumes all PIE or

CIE. The Nhxigm scales as (1 + z)1.0 − 1.9, with equivalent hydrogen mean density
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at z = 0 of n0 = 1.8+1.5
−1.2 × 10−7 cm−3. The metallicity ranges from ∼ 0.1Z⊙ at z ∼ 2

to ∼ 0.001Z⊙ at redshift z > 4. The PIE model implies a less rapid decline in

average metallicity with redshift compared to CIE. Under CIE, the temperature

ranges between 5.0 < log(T/K) < 7.1. For PIE the ionisation parameter ranges

between 0.1 < log(ξ) < 2.9. Using our model, we conclude that the IGM contributes

substantially to the total absorption seen in GRB spectra and that this contribu-

tion rises with redshift, explaining why the hydrogen column density inferred from

X-rays is substantially in excess of the intrinsic host contribution measured in UV.

3.2 Introduction

The main objective of this paper is to estimate the key IGM parameters of column

density, metallicity, temperature and ionisation, using the latest models for ionised

absorbers on the line of sight (LOS) to GRBs. We examine past observations and

simulations to set the parameters ranges and priors for our models. Our hypothesis

is that the bulk of the excess in observed hydrogen column density in GRB spectra,

inferred from X-rays over the intrinsic host contribution measured in the UV, is

due to absorption in the IGM, and that this IGM column density increases with

redshift.

Most baryonic matter resides in the IGM and in particular, the regions between

galaxies. In the early universe, the fraction of baryons in the IGM was even higher,

as less material had coalesced gravitationally from it (McQuinn, 2016, hereafter

M16). IGM temperature varies widely over redshift and phase. Recent simulations

predict that up to 50% of the baryons by mass have been shock-heated into a

warm-hot phase (WHIM) at low redshift z < 2 with T = 105 − 107 K and nb =

10−6−10−4 cm−3 where nb is the baryon density (e.g. Cen and Ostriker, 1999, 2006;

Davé and Oppenheimer, 2007; Schaye et al., 2015). Martizzi et al. (2019, hereafter

M19), using the IllustrisTNG simulations ∗(Piattella, 2018), estimated that the cool

∗http://www.tng-project.org/

67



3.2. Introduction

diffuse IGM constitutes ∼ 39% and the WHIM ∼ 46% of the baryons at redshift

z = 0. Observations of the cool diffuse IGM and WHIM are essential for effective

tracing of matter across time and to validate the simulations (Danforth et al., 2016).

We adopt the common temperature naming convention for IGM plasma: cool is

log(T/K)< 5 and Warm-Hot, log(T/K) ∼ 5 to 7 (M19). Though we concentrate on

the very low density IGM, where relevant we use the common names for systems

of different column densities: strong Lyα forest systems (SLFSs): 15 < logNH i <

16.2∗; partial Lyman Limit Systems (pLLSs) 16.2 < logNH i< 17.2; Lyman Limit

Systems (LLSs): 17.2 < logNH i< 19 ; super-LLSs (sLLSs) : 19.0 <logNH i< 20.3;

and Damped Lyα Systems (DLAs) logNH i >20.3 (Fumagalli, 2014, hereafter F14).

Over the last several decades, observations of redshifted Lyα absorption in the

spectra of quasars has provided a highly sensitive probe of the cool IGM (e.g.

Morris et al., 1991; York et al., 2000; Harris et al., 2016; Fumagalli et al., 2020). In

the cool phases of the IGM including voids, 40 − 60% of the universe by mass has

[O/H] > −3 while, by volume, only 20% of the overdense universe has a metallicity

[C/H] > −3 (F14 and references therein). Both Schaye et al. (2003, hereafter S03)

and Aguirre et al. (2008, hereafter A08) found virtually no evidence for metallicity

evolution in the cool IGM in the range z = 1.8 − 4.1, but metallicity did have a

strong dependency on density. S03 confirmed that collisional ionisation did not

apply to the phases they studied.

A significant fraction of the cool gas probed by SLFSs, pLLSs, and LLSs has been

associated with galaxy haloes and the circum-galactic medium (CGM) (Pieri et al.,

2014; Fumagalli et al., 2013, 2016, hereafter F16). As we move from the diffuse

IGM to virialised luminous matter, the metallicity rises from the very low values

of [X/H] ∼ −3 to −2, to approximate values of −1.47 for SLFS, −1.3 for pLLSs,

≤ −2 for LLSs and > −1.5 for DLAs (Wotta et al., 2019, L19, F16). F16 noted

considerable evolution in LLS metallicity. However, these systems contribute only

∼ 4% to the cosmic metal density budget (L19). The intracluster medium (ICM)

∗Throughout this chapter, logarithmic column densities are expressed in units of cm−2
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mean metallicity in the range 0 ≤ z ≤ 1.5 is Z = 0.23 ± 0.01Z⊙ (S12; McDonald

et al., 2016). At the outer ICM, the metallicity falls to < 0.01 ∼ Z⊙ (Mernier et al.,

2017), which is the start of the true IGM. Temperature in the ICM are typically

log(T/K)> 7. However, the ICM only contains ∼ 4% of cosmic metals (Shull et al.,

2012, M16).

At higher temperatures, for some time since the first prediction of substantial

baryons at low redshift, the expected baryons were not observed in the WHIM,

giving rise to the ”missing” baryon problem (Danforth and Shull, 2005, 2008; Shull

et al., 2012, 2014). Recent literature points to the CGM as reservoir for at least

a fraction of this missing matter (Tumlinson et al., 2011, 2013; Werk et al., 2013;

Lehner et al., 2016). Other claims to have detected the WHIM include possible

detection of O vii lines, excess dispersion measure over our Galaxy and the host

galaxy in Fast Radio Bursts (FRB), and stacked X-ray emission from cosmic web

filaments using the thermal Sunyaev Zelodovich effect (e.g. Nicastro et al., 2018;

Macquart et al., 2020; Tanimura et al., 2020b).

Detection of the WHIM is extremely challenging, as its emission is very weak, it

lacks sufficient neutral hydrogen to be seen via Lyα absorption in spectra of distant

quasars, and the X-ray absorption signal expected from the WHIM is extremely

weak (Nicastro et al., 2018; Khabibullin and Churazov, 2019). There appears to be

a consensus that, at least for z < 2, the predicted mean metallicity of the WHIM

from simulations and O vi absorption studies is ∼ 0.1Z⊙ (e.g. Wiersma et al., 2011;

Danforth et al., 2016; Pratt et al., 2018, S12).

Post reionisation, the vast majority of hydrogen and helium is ionised in the IGM.

Therefore, the observation of metals is essential for parameterising the IGM proper-

ties including density, temperature and metallicity. Huge work has been completed

on individual systems from absorption-line studies that use the ionisation states of

abundant heavy elements (e.g. Shull et al., 2014; Raghunathan et al., 2016; Selsing

et al., 2016; Lusso et al., 2015). While these surveys have been very successful,

most very highly ionised metals are not observed in optical to UV. High resolution
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X-ray observations are required as they are sensitive to a broad range of cross-

sections over the full integrated LOS. However, tracing individual features of the

IGM metals in X-ray with current instruments is very limited. Athena, the pro-

posed European Space Agency X-ray observatory, aims to study the IGM through

detailed observations of O vii (E = 573 eV) and O viii (E = 674 eV) absorption

features (Walsh et al., 2020).

While we await this future mission, GRBs are currently one of the most effective ob-

servational methods to study the IGM as their X-ray absorption yields information

on the total absorbing column density of the matter between the observer and the

source (e.g. Galama and Wijers, 2001; Watson et al., 2007; Watson, 2011; Wang,

2013; Schady, 2017). GRBs are among the most powerful explosions known in the

universe. GRBs exist over an extensive range of redshifts and distances, and have

high luminosities combined with a broad energy range of observed emissions. Any

element that is not fully ionised contributes to the absorption of X-rays. Though

Thomson scattering is essentially energy independent, scattering by electrons only

becomes important at energies above 10keV (Wilms et al., 2000, hereafter W00).

Although the X-ray absorption cross-section is mostly dominated by metals, with

hydrogen and helium contribution being minimal but not nil (Fig.1 W00), it is

typically reported as an equivalent hydrogen column density (hereafter Nhx). Nhx

consists of contributions from the local GRB environment, the IGM, and our own

Galactic medium. With current instruments, GRB X-ray absorption cannot gener-

ally reveal the redshift of the matter in the column due to a lack of signal to noise

and spectral resolution.

The two main results of earlier studies of the IGM using GRBs are the apparent

increase in Nhx with redshift, and that Nhx exceeds the host intrinsic neutral

hydrogen column density (Nh i) in GRB, often by over an order of magnitude

(e.g. Behar et al., 2011; Watson, 2011; Campana et al., 2012). Nh i is generally

obtained from observations of strong individual absorbers in the GRB host system.

The cause of an Nhxigm excess over Nh i, and the Nhxigm rise with redshift seen
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in GRBs has been the source of much debate over the last two decades. One school

of thought argues that the GRB host accounts for all the excess and evolution e.g.

dense Helium regions close to the GRB (Watson et al., 2013), ultra-ionised gas in

the environment of the GRB (Schady et al., 2011), a dense environment near the

burst location (Campana et al., 2012), dust extinction bias (Watson and Jakobsson,

2012), and/or a host galaxy mass Nhxigm relation (Buchner et al., 2017). The

other school of thought argues that the IGM is the cause of excess absorption and

redshift relation e.g. (Starling et al., 2013; Arcodia et al., 2016; Rahin and Behar,

2019). While we acknowledge that the GRB host may contribute to the excess

absorption, it is the IGM that is the focus of this paper.

The convention in prior work using GRB was to use solar metallicity as a device

used to place all of the absorbing column density measurements on a comparable

scale. These works all noted that the resulting column densities were, therefore,

lower limits as GRB typically have much lower metallicities. Dalton and Morris

(2020, hereafter D20) used realistic GRB host metallicities to generate improved

estimates of Nhx. They confirmed the Nhx redshift relation and that the revised

Nhx showed an even greater excess over Nh i.

As the bulk of matter in the IGM is ionised and exists outside of gravitationally

bound structures, in this paper we use a homogeneity assumption. We will use

tracer objects that have LOS orders of magnitude greater than the large scale

structure.

The sections that follow are: Section 3.3 describes the data selection and method-

ology; Section 3.4 covers the models for the IGM LOS including key assumptions

and plausible value ranges for key parameters; Section 3.5 gives the results of GRB

spectra fitting using collisional and photoionisation IGM models with free IGM key

parameters; we discuss the results and compare with other studies in Section 3.6;

and Section 3.7 gives our conclusions. Chapter 3 appendix covers model comparis-

ons and investigating the robustness of the IGM model fits. We suggest for readers

interested in the key findings on IGM parameters from fittings only, read Sections
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3.5, 3.6 and 3.7. Readers interested in detailed spectra fitting methodology and

model assumptions should also read Sections 3.3 and 3.4. Finally, for readers in-

terested in more detailed examination of key IGM parameters, plus software model

comparisons, read Appendix chapter 3.

3.3 Data selection and methodology

We used the D20 data for Nhx which consisted of all observed GRBs with spec-

troscopic redshift available up to 31 July 2019 from the UK Swift Science Data

Centre∗ repository (hereafter Swift ; Gehrels et al., 2004). Spectra from the Swift

repository were taken from the Photon Counting Late Time mode. D20 investig-

ated the plausibility of assuming that the host intrinsic hydrogen column density

is equal to the measured ionisation corrected intrinsic neutral column from UV

spectra. D20 used ionisation corrections from F16 who report on the values of the

neutral fraction as a function of NHI. We follow their method for GRB host hy-

drogen column density. The GRB Nh i sample is taken from Tanvir et al. (2019a).

Our sample criteria was that the GRB has detections with quantified uncertainties

for Nhx, Nh i, and spectroscopic redshift. The selection criteria resulted in a total

GRB sample of 61. We selected the best S/N sample representative of the range

from 1.6 < z < 6.32. D20 examined if a S/N limited sample would cause a bias by

plotting log(Nhx) versus both log of total error in Nhx and total error/Nhx for

all detections. The scatter appeared random so any selection by total error/Nhx

should not result in a bias in Nhx. The total final data sample consists therefore

of 32 GRB (Table 3.2).

We refitted the GRB spectra using xspec v12.10.1 (Arnaud, 1996, hereafter A96),

assuming an underlying power law in the X-ray band from 0.3 - 10.0 keV, which

is suitable for the vast majority of GRB and again is consistent with the Swift

repository (Starling et al., 2013, hereafter S13). The Galactic component is fixed to

∗http://www.swift.ac.uk/xrtspectra
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Swift values based on (Willingale et al., 2013, hereafter W13). Asplund et al. (2009)

is generally regarded as providing the most accurate solar abundances. However,

we used the solar abundances from W00 which take into account dust and H2 in

the interstellar medium in galaxies.

Most works on the WHIM use absorption line observations focusing on oxygen,

carbon, nitrogen and neon because of their relatively high abundance, and be-

cause the strongest resonance lines in He and H-like ions are in a relatively ‘clean’

wavelength band, compared to typical X-ray spectra resolutions. Due to the small

Doppler broadening, ignoring turbulence, the lines rapidly saturate. The challenge

for X-ray spectroscopy in the IGM is to detect small equivalent widths (Richter

et al., 2008, hereafter R08), which is only possible currently in the UV. Accord-

ingly, we chose to base our work on total absorption by the ionised IGM as opposed

to fitting individual line absorption, avoiding misidentifation of absorption features

(Gatuzz et al., 2015, hereafter G15).

When fitting models to spectra, chi-squared (χ2) is the generally used statistical

method. However, deep field X-ray sources such as our sample from Swift, only

have a small number of photon counts, well into the Poisson regime. The χ2

regression approach is inappropriate in this circumstance (Buchner et al., 2014).

The common practice of rebinning data to use a χ2 statistic results in loss of energy

resolution. The maximum likelihood C-statistic (Cash, 1979), based on the Poisson

likelihood, does not suffer from these issues. For a spectrum with many counts per

bin the C-statistic → χ2, but where the number of counts per bin is small, the

value for C-statistic can be substantially smaller than the χ2 value (Kaastra, 2017).

Accordingly, we use the C-statistic (Cstat in xspec).

Typically, when using xspec to fit models to spectra, local optimisation algorithms

like the Levenberg-Marquardt algorithm are employed to iteratively explore the

space from a starting point. However, given we are studying the IGM with X-

ray spectra, we can expect some degeneracies between the parameters. Therefore,

there may be multiple, separate, adequate solutions, i.e. local probability maxima.
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In these circumstances, these algorithms cannot identify them or jump from one

local maximum to the other. The steppar function in xspec allows the forcing

of parameters to specific ranges. This can overcome the local maximum problem

to some degree. Markov chain Monte Carlo (MCMC) is a commonly employed

integration method for Bayesian parameter estimation. However, MCMC also has

difficulty finding and jumping between well-separated maxima (Buchner et al.,

2014). Given the issues of goodness of fit and getting out of local probability

maxima, we use a combination of the steppar function and confirmation with

MCMC to validate our fitting and to provide confidence intervals on Cstat. We

prefer this approach over alternatives such as the Akaike Information Criterion

(AIC). The AIC, popular in astrophysics is AIC = χ2 + 2k where k is the number

of parameters of the model. However, as it is based on χ2, it suffers from the same

problems i.e. based on a Gaussian assumption for errors and requirung a high bin

count.

We follow a similar MCMC methodology as Foreman-Mackey et al. (2013) for the

number of walkers (× 10 free parameters), chain length and burn-in period. We

use Goodman Weare MCMC (Goodman and Weare, 2010).

3.4 Models for the GRB LOS

In this section we describe the motivation and expected physical conditions in the

IGM that lead to our choice of CIE and PIE models, the priors and parameter

ranges.

In our models, we use different xspec (A96) absorption sub-routines for the ab-

sorbers on the LOS. For Galaxy absorption (NhxGal), we use tbabs (W00) fixed

to the values measured by W13. tbabs calculates the cross-section for X-ray

absorption by the ISM as the sum of the cross sections for the gas, grain and mo-

lecules in the ISM. For the GRB host galaxy absorption, we use tbvarabs which

is the same as tbabs but with metallicity, dust and redshift as free variables. We
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follow D20 for the metallicity of the GRB host galaxy i.e. using dust corrected

actual metallicity where available, and otherwise their average GRB host value of

Z = 0.07Z⊙. The Nhx for the GRB host is fixed to the Nh i,ic values, following the

D20 method. By fixing Nhx for both our Galaxy and the GRB host, the excess ab-

sorption in the models is regarded as being produced by the IGM. W00 noted that

the tbabs model does not include the effects of the warm phase or of the ionised

phase of the ISM. We review the photoionisation (PIE) and collisional ionisation

equilibrium (CIE) models available in xspec to determine which is best for our

purposes of modelling the IGM. These are warmabs (Kallman et al. 2009, here-

after K09) for PIE, hotabs (K09), ioneq (G15) and absori (Done et al., 1992)

for CIE. In earlier works on using tracers such as GRB and quasars for IGM ab-

sorption, absori was generally used (e.g. Behar et al., 2011; Starling et al., 2013).

While absori was the best model available when it was developed in 1992, it is not

self-consistent as it allows one to have both ionisation parameter and temperature

as free parameters which would not occur in either PIE or CIE (Done, 2010). Other

issues with absori are that it only uses ionisation edges with no line absorption.

The metals included are limited to H, He, C, N, O Ne, Mg, Si, S and Fe, and only

Fe is allowed as a free parameter. Accordingly, we do not use it for PIE, but do for

CIE to compare with earlier studies in the Appendix Chapter 3.

We chose to use warmabs as a more sophisticated PIE model which is designed

to determine the physical conditions in partially ionised gases. It calculates the

absorption due to neutral and all ionised species of elements with atomic number

Z ≤ 30. While warmabs does not account for self-shielding, this effect is negligible

at high ionisation parameters (K09). For CIE, we chose hotabs, a sophisticated

code, similar to warmabs except that it has temperature as the free parameter as

opposed to ionisation. An alternative CIE model is ioneq. It is similar to hotabs

except that it allows metallicity to vary for O, Ne and Fe only (G15). warmabs,

hotsabs and ioneq have turbulent velocity (vturb) as a free parameter. We

examined varying vturb to assess impact on fittings. The broad range trialled
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(0−150 km s−1) showed minimal variation in column densities or other parameters.

Thus, we set vturb = 0.

We model the IGM assuming a thin uniform plane parallel slab geometry in thermal

and ionisation equilibrium. This simplistic approximation is generally used to rep-

resent a LOS through a homogenous medium and is appropriate for our model (e.g.

Savage et al., 2014; Nicastro et al., 2017; Khabibullin and Churazov, 2019; Lehner

et al., 2019). This slab is placed at half the GRB redshift as an approximation of

the full LOS medium. We examined placing the slab at half the redshift equivalent

distance integral as an approximation of distance, but it did not change our results.

Any LOS to a GRB is likely to encounter many different intervening phases of

matter, density, temperature and photoionisation levels. Given the current quality

of the GRB spectra, the most pragmatic approach is to define the parameters ranges

and priors from the past measurements and observations. The slab fit results will

then characterise ’typical’ conditions integrated along the LOS. We now review the

physical processes and key conditions to pin down the range of parameters and

models that are best suited for our analysis.

3.4.1 Ionisation processes and equilibrium conditions

Generally, there are two processes that determine the ionisation state of plasma

in the IGM i.e. photoionisation and collisional ionisation. Different physical pro-

cesses are therefore involved and any assumptions regarding whether collisional,

photoionisation or a combination dominates will impact any attempts to model

the IGM.

The photoionisation rate, ΓH i depends on the ionising radiation field in the IGM

provided by the cosmic ionising background (CIB). For photoionisation IGM mod-

elling, the ionisation parameter ξ (the ratio of ionising photon density to electron

density) is a key variable. We set the parameter range as 0 ≤ log(ξ) ≤ 3 for an

ionised IGM (Starling et al., 2013). For IGM modelling with the collisional assump-
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tion for ionisation, temperature is a key variable. Collisions by thermal electrons

ionise hydrogen to a high degree for gas temperatures > 1.5×104 K. Metals require

higher temperatures or ionisation. Therefore, we set the parameter range as 4 ≤

log(T/K) ≤ 8.

We chose to use equilibrium based models. The relation between ionisation state or

fraction and gas temperature and ionisation parameter explicitly assumes that the

gas is in an ionisation equilibrium (R08). Opinions on the IGM equilibrium state

differ greatly (e.g. Branchini et al., 2009; Nicastro et al., 2018). In non-equilibrium,

the plasma remains over-ionised compared to CIE at any temperature, as recom-

bination lags behind cooling (Gnat and Sternberg, 2007). While there is still debate

on the equilibrium state of the WHIM, it is likely that a substantial part of the

baryons in the Universe are in regions where extremely low densities and ionisation

equilibrium conditions persist (M16). Importantly for IGM modelling, well outside

the influence of galaxies and clusters, the radiation background becomes more im-

portant. Oppenheimer and Schaye (2013a) noted that non-equilibrium effects are

smaller in the presence of the CIB, and are overestimated in CIE. However, they

also showed that in the presence of AGN, a large fraction of the metal-enriched

intergalactic medium may consist of non-equilibrium regions (Oppenheimer and

Schaye, 2013b).

In summary, the equilibrium assumption could result in an underestimation of

column density where the IGM plasma remains over ionised in non-equilibrium

conditions.

3.4.2 Metallicity in the IGM phases

As we are using ionised metal absorption, we have to allow for a large range in

the metallicity parameter as the LOS to the GRBs trace the various IGM phases.

In our analysis, we include the highly ionised metals that dominate X-ray ab-

sorption given that H and He are relatively unimportant. Below 1 keV, C, N,
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O, and Ne are the main absorbers, while above 1keV, Si, S, and Fe dominate

(W00). O vii & O viii are the most abundant and Neon species also very im-

portant (Ne vii,Ne viii,Ne ix,Ne x). Metallicity currently constitutes the main

uncertainty of the IGM models (Branchini et al., 2009).

In Section 3.2, we noted that in the cool IGM phases, typical metallicity is observed

to be at the very low range −4 < [X/H] < −2 (e.g. Simcoe et al., 2004, S03,

A04). In the hotter phases including the WHIM, the metallicity has been observed

to be [X/H] ∼ −1 (e.g. Danforth et al., 2016; Pratt et al., 2018, S12). As we

are modelling the LOS through the cool, warm and hot diffuse IGM, but noting

that some contribution will come from overdense phases, we will set the xspec

metallicity parameter range as −4 < [X/H] < −0.7 (0.0001 < Z/Z⊙ < 0.2).

3.4.3 Cosmic ionising background

The abundance of ionic species is partially dependent on the CIB. Many studies

have been completed on the sources of the background radiation such as star form-

ing galaxies and AGN with power laws in the range 1.4−2 (e.g. Haardt and Madau,

1996, 2012; De Luca and Molendi, 2004; Luo et al., 2011; Moretti et al., 2012). To

explore uncertainties in the UV background, Crighton et al. (2015) and Fumagalli

et al. (2016) introduced a free parameter αUV to account for the AGN-dominated

(hard) to galaxy-dominated (soft) spectrum. A common practice is to adopt a

fixed power law for the background radiation. This is a reasonable approach in

calculating the ionisation balance.

absori is the only xspec model which allows the background CIB as a free para-

meter. In warmabs, hotabs and ioneq, the CIB photon index is set to 2 which is

consistent with the work by Moretti et al. (2012). In many prior works on the IGM

using absori, general practice has been to set CIB photon index to 1.4 following

(De Luca and Molendi, 2004). We examined the impact of different CIB indices on

column density using absori on GRB120909A in Fig. 3.1.
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Figure 3.1: Nhx and redshift relation for different CIB indices using absori for
GRB120909A. A power law of 2 produces the highest estimated column densities
at all redshift, but only marginally greater than a photon index of 1.4

A photon index of 2 results in the highest estimated column density at all redshift.

The lowest column densities resulted from a CIB photon index of 0.5 at logarithmic

difference ∼ 0.5 lower than when the index is 2. However, the difference in the

commonly observed CIB range of 1.4 − 2 is minimal. Accordingly, we set the

photon index at 2 for absori to allow comparison with the other models where it

is fixed at 2.

3.4.4 Full models for the GRB LOS

Based on the extensive observations and simulations of the IGM to date, a combined

CIE and PIE model for the IGM would be required for optimum fitting of the GRB

spectra. However, given the quality of the spectra, we chose instead to examine

the two extreme scenarios where all the IGM absorption is either in the CIE or
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Table 3.1: Upper and lower limits for the free parameters in the IGM models. Power
law slope and normalisation for the GRB spectrum were also free parameters. The
fixed parameters are Galactic and host log(Nhx/cm−2), GRB redshift, the IGM
slab at half the GRB redshift, and host metallicity at the observed dust corrected
value, or Z = 0.07Z⊙.

IGM parameter equilibrium model range in xspec models

column density PIE & CIE 20 ≤ log(Nhx/cm−2) ≤ 23

temperature CIE 4 ≤ log(T/K) ≤ 8

ionisation PIE 0 ≤ log(ξ) ≤ 3

metallicity PIE & CIE −4 ≤ [X/H] ≤ −0.7

PIE phase. As warmabs and hotabs are the most sophisticated PIE and CIE

models, these are used for generating the final results of the IGM parameters of

density, metallicity, temperature and ionisation parameter in Section 3.5. We then

investigated robustness and validity of models and assumptions, together with a

comparison of the various ionisation model results (Appendix chapter 3).

The parameters ranges that were applied to the PIE and CIE models are sum-

marised in Table 3.1. The full multiplicative models (*) which we trialled for the

absorbers on the LOS and including the GRB spectra power law (po) in xspec

terminology are:

PIE: tbabs*warmabs*tbvarabs*po

CIE: tbabs*hotabs*tbvarabs*po

CIE: tbabs*ioneq*tbvarabs*po

CIE: tbabs*absori*tbvarabs*po

Fig. 3.2 shows an example of the model components for the full LOS absorption

using hotabs for IGM CIE absorption. The model example is for a GRB at

redshift z = 2, with [X/H] = 0.1 for the IGM. For our Galaxy and the GRB host,

log(Nhx/cm−2) = 21, and log(Nhxigm/cm−2) = 22 (to represent the column density

of the IGM LOS cumulatively to z = 2). The absorption by the GRB host is minimal

compared to the ISM of our Galaxy and the IGM. This is because of the redshift
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Figure 3.2: Model components for the LOS absorption using hotabs for IGM
CIE absorption in the energy range 0.3 - 2.0keV (Swift GRB spectra extend to
10keV). The model example is for a GRB at redshift z = 2, with [X/H] = −1.0
for the IGM, log(Nhx/cm−2) = 21 for our Galaxy and the GRB host. The IGM
log(Nhxigm/cm−2) = 22 approximates the total column density of the IGM LOS
to z = 2. Most absorption is due to the IGM (grey) and our Galaxy (red). The
GRB host has little contribution due to its redshift and low metallicity (magenta).
The total absorption from all three components is the blue line.

z = 2 and low metallicity Z = 0.07Z⊙ of the GRB host. The sample transmission

plots using hotabs and warmabs show the impact of different key parameters and

redshift for both PIE and CIE models are available in the online supplementary

material.
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Figure 3.3: Impact of adding additional model components to a simple power law in
fitting GRB150403A. Top-left panel is with NhxGal only. Top-right panel is with
the addition of a fixed host component and CIE IGM absorption component. The
spectrum fit shows improvement in low energy absorption over the simple power
law fit with NhxGal. The bottom-left and right panels show the MCMC integ-
rated probability results for Nhxigm with temperature and metallicity respectively.
The red, green and blue contours represent 68%, 95% and 99% ranges for the two
parameters respectively, with grey-scale showing increasing integrated probability
from dark to light. On the y-axis in the bottom-left panel T4 means the log of the
temperature is in units of 104 K.

3.5 Results using CIE and PIE IGM models with key

parameters free

In Section 3.5, we firstly discuss the impact of using additional model components

on a sub-sample in Section 3.5.1, then give the results for the full sample using

the CIE IGM absorption model in Section 3.5.2 and using the PIE IGM model in

Section 3.5.3.
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3.5.1 GRB model improvement results

We started by fitting a sub-sample of GRB from our full sample, to examine the

impact of adding additional model components leading to the full model including

the ionised IGM. We show the fitting results in Fig. 3.3 for GRB150403A at redshift

z = 2.06 as an example of typical results. We initially fitted with a simple model

of power law and absorption only from our Galaxy. The top-left panel in Fig. 3.3

shows residuals at low energy with a Cstat of 737.6 for 684 degrees of freedom (dof).

We then add a fixed GRB host absorber equal to the measured ionised corrected

intrinsic neutral column from UV spectra as detailed in Section 3.3 plus a variable

IGM component. The IGM component is either the CIE or PIE model. The top-

right panel of Fig. 3.3 shows the result for the model with the CIE IGM component.

The spectral fit is visually improved compared with the Galaxy only model, with

much less low energy residual. The Cstat for the full model with the CIE IGM

component is 655.0 (680 dof), and for the PIE model 652.8 (680 dof). The Fig.

3.3 bottom-left and right panels show the MCMC integrated probability results

for Nhxigm with temperature and metallicity respectively. The red, green and blue

contours represent 68%, 95% and 99% ranges for the two parameters respectively.

On the y-axis bottom-left panel, log(T4/K) means that 0 is log(T/K) = 4.

All the fittings in the sub-sample for both CIE and PIE model components showed

Cstat results as good as or better than the simple models where all the absorption

in excess of our Galaxy was assumed to be at the GRB host redshift. Accordingly,

we proceeded to fit the full GRB sample with our CIE and PIE models and give the

results for the IGM parameters in Sections 3.5.2 and 3.5.3. In these scenarios, we

use hotabs for CIE and warmabs for PIE with Nhx, metallicity and temperature

or ionisation parameters all free. The error bars for all fits are reported with a 90%

confidence interval. In the plots of Nhx and redshift, the green line is the mean

hydrogen density of the IGM based on the simple model used in D20 and references
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Figure 3.4: Results of the IGM parameters using the CIE (hotabs) model . The
error bars are reported with a 90% confidence interval. The green line is the simple
IGM model using a mean IGM density. Top-left panel is Nhx and redshift. Top-
right panel is [X/H] and redshift. Bottom-left panel is temperature and redshift.
Bottom-right panel is [X/H] and Nhx. The orange line is the 1 sigma χ2 fit. We
do not include a χ2 curve in the temperature-redshift plot, or the [X/H] and Nhx
plot as the fit was poor due to a large scatter and error bars.

therein.

Nhxigm =
n0c
H0

∫ z

0

(1 + z)2dz

[ΩM(1 + z)3 + ΩΛ]
1
2

(3.1)

where n0 is the hydrogen density at redshift zero, taken as 1.7 × 10−7 cm−3 (Behar

et al., 2011). This value is based on 90% of the baryons being in the IGM. Values

for this IGM fraction in the literature vary e.g. 0.5 − 0.7 (S12) and 0.84 (Zhang

et al., 2020).
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3.5.2 Results for IGM parameters using a CIE IGM component

We give the key detailed results for the IGM parameters from fitting our model

CIE model to the GRB spectra in our sample (See Table 3.2).

Modelling the IGM using hotabs for CIE with parameters Nhx, Z and T free,

results in Nhxigm showing similar values and correlation with redshift as the mean

IGM density model in Fig. 3.4 (top left). A power law fit to the Nhxigm versus

redshift trend scales as (1 + z)1.9±0.2. The reduced χ2 = 0.34 indicates a good fit.

The mean hydrogen density at z = 0 from the sample is n0 = 1.8+1.5
−1.2 × 10−7 cm−3,

providing a good constraint on this important IGM parameter. Nearly all GRB

fits are proximate to both the χ2 fit and mean IGM density curve. However, there

are a few notable outliers, especially the lowest redshift GRB140430A with z = 1.6.

This fit has much higher Nhxigm than both the mean density curve and the χ2 fit.

This could be due to a strong absorber on the LOS. To test this, we removed the

cap of Z = 0.2 Z⊙ as the there is covariance between column density and metallicity

parameters i.e. a higher metallicity results in a lower column density. The best

fit then for GRB140430A was with Z ≈ 0.4 Z⊙ with a much lower column density

similar to the mean IGM model density at z = 1.6. At the highest redshift z > 6,

the two GRB fits are well below the cosmic mean density and χ2 fit. There is some

dispersion in the GRB data points at z ≤ 2. This could indicate that at these

redshifts, the GRB host contribution is dominant over the IGM absorption, while

at higher redshifts, the host contribution becomes diluted by the IGM, therefore

showing a smaller dispersion of results. It is notable that most of the GRB fits sit

at the high end of the 90% confidence interval error bars. xspec failed to fit two

GRB from sample of 32. This was either because the best fit was at the limit of

the parameters or the error bars were at one or both parameter limits. This could

be due to poor spectra resolution or that the parameter range was too narrow.

The top-right panel of Fig. 3.4 shows the dependence of [X/H] with redshift. A

power law fit to the [X/H] versus redshift trend scales as (1+ z)−5.2±1.0. The reduced
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Table 3.2: GRB sample. For each GRB, the columns give the redshift and IGM
fitted parameter results for the CIE and PIE free parameter models: Nhxigm,
[X/H], temperature (CIE) or ionisation paramater (PIE)

CIE model PIE model

GRB z log( Nhxigm
cm−2 ) [X/H] log(TK ) log( Nhxigm

cm−3 ) [X/H] log(ξ)

140430A 1.60 22.17+0.17
−0.90 −1.28+0.54

−0.82 6.47+0.91
−1.50 22.36+0.18

−0.96 −2.02+1.27
−0.38 1.87+0.91

−1.71

081203A 2.03 21.82+0.36
−0.56 −1.10+0.37

−0.60 6.17+0.42
−1.12 21.87+0.45

−0.41 −0.81+0.09
−0.94 1.46+0.82

−1.2

150403A 2.06 21.81+0.56
−0.16 −1.03+0.12

−1.37 5.26+018
−0.17 22.02+0.15

−0.41 −0.99+0.49
−0.49 1.80+0.27

−0.63

150206A 2.09 22.02+0.15
−0.29 −0.96+0.24

−0.49 6.36+0.07
−0.63 22.18+0.06

−0.37 −1.05+0.53
−0.15 1.93+0.07

−0.48

100728B 2.11 No CIE fit No PIE fit

110205A 2.22 21.59+0.52
−0.45 −1.85+1.19

−0.24 4.96+2.41
−0.01 22.41+0.17

−0.91 −1.92+1.07
−0.48 1.18+1.68

−1.01

180325A 2.25 No CIE fit 22.31+0.15
−0.48 −1.14+0.31

−0.84 2.52+0.32
−1.88

060124 2.3 22.14+0.18
−0.48 −0.99+0.27

−0.84 6.89+0.43
−0.60 22.03+0.35

−0.65 −1.64+0.79
−0.41 1.86+1.00

−1.73

121024A 2.30 22.27+0.11
−0.87 −1.09+0.06

−1.21 6.91+0.15
−2.22 22.38+0.19

−0.12 −1.77+1.06
−0.53 2.38+0.45

−2.16

070110 2.35 22.07+0.13
−0.90 −1.96+1.07

−0.56 5.06+2.83
−0.01 21.90+0.62

−0.44 −1.4+0.65
−0.35 2.85+0.08

−1.95

080905B 2.37 22.23+0.36
−0.68 −1.20+0.48

−0.52 6.38+0.10
−2.68 No PIE fit

080310 2.43 22.11+0.17
−0.32 −0.88+0.14

−1.52 6.56+1.18
−0.17 22.11+0.35

−0.59 −0.86+0.15
−0.84 2.10+0.82

−1.65

080721 2.59 22.32+0.28
−0.93 −1.55+0.85

−0.30 6.93+0.11
−2.68 22.29+0.29

−0.17 −1.57+0.40
−1.43 2.22+0.67

−0.50

050820A 2.61 22.18+0.32
−0.10 −1.60+0.80

−0.40 6.60+0.52
−0.71 21.99+0.61

−0.68 −1.43+0.59
−0.29 1.63+1.33

−1.29

140206A 2.73 22.21+0.06
−0.64 −1.54+0.80

−0.35 5.26+0.71
−0.72 22.14+0.11

−0.08 −1.12+0.23
−0.52 0.02+1.06

−0.01

090809 2.74 22.20+0.14
−0.96 −1.60+0.87

−0.62 6.41+1.34
−1.35 22.00+0.45

−0.83 −1.06+1.18
−1.16 1.56+1.12

−1.41

180624A 2.86 22.25+0.12
−1.07 −1.28+0.59

−0.32 6.63+1.34
−0.73 21.98+0.66

−0.62 −0.88+0.14
−0.97 1.93+0.79

−1.63

090715B 3.01 22.35+0.02
−0.76 −1.42+0.70

−0.26 6.87+0.07
−1.68 22.22+0.14

−0.48 −1.10+0.53
−0.60 2.04+0.62

−0.64

060607A 3.08 22.34+0.02
−0.63 −1.82+1.08

−0.33 6.61+0.22
−0.86 22.29+0.06

−0.24 −1.82+0.36
−0.48 1.64+0.27

−1.42

140703A 3.14 22.18+0.19
−0.26 −1.00+0.17

−0.68 6.77+0.29
−1.65 22.24+0.33

−0.80 −1.68+0.83
−0.48 0.23+2.62

−0.06

140423A 3.26 22.27+0.13
−0.72 −1.03+0.31

−0.87 6.88+0.12
−1.82 22.25+0.22

−0.47 −1.36+0.73
−0.74 1.95+0.94

−0.84

070721B 3.63 22.36+0.15
−1.03 −1.12+0.39

−1.10 7.06+0.38
−2.47 22.44+0.16

−0.67 −1.68+0.98
−0.42 2.90+0.07

−2.67

060605 3.77 22.33+0.01
−1.16 −1.21+0.48

−1.09 6.99+0.02
−2.70 22.23+0.35

−0.63 −2.10+0.99
−0.60 2.45+0.52

−2.15

060210 3.91 21.99+0.01
−0.91 −2.52+1.43

−0.18 5.16+0.10
−0.15 22.26+0.22

−0.07 −1.74+0.24
−0.26 1.11+0.56

−1.00

120909A 3.93 22.37+0.10
−0.35 −1.89+1.19

−0.40 6.52+0.33
−1.33 22.22+0.14

−0.12 −1.40+0.01
−0.24 1.52+0.75

−0.70

140419A 3.96 22.54+0.01
−0.67 −2.52+1.20

−0.30 6.99+0.02
−1.82 22.40+0.11

−0.59 −2.32+1.40
−0.27 2.00+0.84

−1.79

151027B 4.06 22.55+0.09
−0.33 −2.85+0.89

−0.67 6.53+0.39
−1.29 22.41+0.04

−0.70 −1.62+0.37
−0.90 1.95+0.51

−1.82

090516 4.11 22.47+0.04
−0.14 −3.05+0.65

−0.36 5.98+0.10
−0.33 22.29+0.19

−0.06 −1.92+0.15
−1.08 0.98+0.65

−0.86

050505 4.27 22.45+0.08
−0.67 −2.82+1.88

−0.70 5.59+0.58
−0.93 22.51+0.04

−0.16 −3.96+1.42
−0.04 0.81+0.67

−0.69

111008A 4.99 22.59+0.02
−1.11 −3.74+2.77

−0.11 6.59+0.44
−2.08 22.50+0.13

−0.58 −2.96+2.13
−0.13 1.64+1.01

−1.63

050904 6.29 22.40+0.07
−1.10 −2.62+1.58

−0.60 5.95+0.83
−1.73 22.58+0.30

−0.94 −1.62+0.59
−0.78 0.71+2.13

−0.56

140515A 6.32 22.51+0.03
−1.06 −3.10+2.07

−0.12 5.82+1.91
−0.71 22.41+0.46

−0.75 −2.48+1.45
−0.56 0.85+1.99

−0.78
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χ2 = 1.3 indicates a plausible linear fit. Metallicity ranges from [X/H] ∼ −1 (0.1Z⊙)

at z = 2 to [X/H] ∼ −3 (0.001Z⊙) at high redshift (z > 4).

There is a large range in the fitted temperature 5.0 < log(T/K) < 7.1, with sub-

stantial error bars in the Fig. 3.4 bottom-left panel. The mean temperature over

the full redshift range is log(T/K) = 6.3+0.6
−1.3. These values are consistent with the

generally accepted WHIM range. It is interesting to note that even at the highest

redshifts z > 4, temperatures of log(T/K) > 5 appear to give good fits. Further,

there is no apparent general decline in temperature with redshift. It should be

noted, however, that the fits are for the integrated LOS and not representative of

any individual absorber temperature.

In nearly all GRB fits, the Cstat was at least as good as, or better than simple fits

with all absorption in addition to that in our Galaxy assumed to be at the GRB

host. The MCMC integrated plots were consistent with the steppar results. In

conclusion, with the caveats of low GRB X-ray resolution, small data sample and

the slab model to represent to full LOS, there are reasonable grounds for arguing

that the CIE model using hotabs is plausible for modelling the warm/hot compon-

ent of the IGM at all redshifts. The results are consistent with a mean hydrogen

density of n0 = 1.7 × 10−7 cm−3, providing constraints on this IGM parameter of

n0 = 1.8+1.5
−1.2 × 10−7 cm−3. However, cosmological simulations suggest that the frac-

tion of mass contained in the warm-hot IGM phase is a strong function of redshift

being ∼ 49% at z = 0, dropping by a factor of 20 by z = 4, while the diffuse cooler

IGM becomes dominant (Martizzi et al., 2019). Our model indicates a decline in

the average metallicity on the LOS, with a significant drop in metallicity at the

highest redshifts. The temperature range of log(T/K) ∼ 5 − 7 and mean of 6.3+0.6
−1.3

are consistent with the expected values from simulations for a warm/hot phase.

We discuss the results further and compare with other studies in Section 3.6.
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Figure 3.5: Results for the PIE IGM parameters using PIE (warmabs) models.
The error bars are reported with a 90% confidence interval. The green line in the
top-left panel is the simple IGM model using a mean IGM density. Top-left panel
is Nhx and redshift. Top-right panel is [X/H] and redshift. Bottom-left panel is
ionisation parameter and redshift. Bottom-right panel is [X/H] and Nhx. The
orange line is the χ2 fit. We do not include a χ2 curve in the ionisation-redshift
plot , or the [X/H] and Nhx plot as the fit was poor due to a large scatter.

3.5.3 Results for IGM parameters using a PIE IGM component

Modelling the IGM using warmabs for PIE with Nhxigm, Z and ξ as free para-

meters results in values for Nhxigm and correlation with redshift comparable to

the mean IGM density model (the top-left panel of Fig. 3.5). The data points

appear to show less dispersion and are marginally below the mean IGM density

model at higher redshift z > 3, though with large error bars. A power law fit to

the Nhxigm versus redshift trend scales as (1 + z)1.0±0.3, flatter than for CIE. The

reduced χ2 of 0.67 indicates a reasonable fit. Only 2 GRB failed to be fit in xspec

out of our sample of 32. The mean hydrogen density at z = 0 from the sample is
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n0 = 1.8+1.4
−1.2 × 10−7 cm−3, providing a similar constraint on the IGM density para-

meter to our CIE model. It is notable that the lowest redshift GRB140430A z = 1.6

in our sample has a best fit Nhxigm again considerably higher than the mean dens-

ity curve, similar to the CIE model. Again, this could indicate a higher metallicity

absorber along the LOS.

Fig. 3.5 top-right panel is a plot of [X/H] versus redshift with a trend scaling as

(1+z)−2.1±0.8. The reduced χ2 of 1.84 indicates a reasonable linear fit. The metallicity

is approximately [X/H] ∼ −1.0 (0.1Z⊙) at z ∼ 2 falling to [X/H] ∼ −2.4 (0.004Z⊙)

at z > 4. At higher redshift, the average LOS metallicity value appears to decline

more rapidly, but with large error bars. This could suggest that there was very

little higher metallicity aborption at those redshifts. However, there are very few

high redshift GRB in the sample.

There is a large range in the fitted ionisation parameter 0.0 < log(ξ) < 2.9, with

substantial error bars in Fig. 3.5 (bottom left). The mean ionisation parameter

over the full redshift range is log(ξ) = 1.6+0.9
−1.2. We note that these values are the

LOS average and not representative of any individual absorber or redshift.

As discussed in Section 3.3, we use Cstat minimization due to small number of

photon counts, well into the Poisson regime. Thus, χ2 and AIC are inappropriate.

If the model improvement criteria is any improvement in Cstat when compared with

the model with all excess absorption over Galactic assumed at the host redshift,

then 26/30 CIE, 23/30 PIE, 27/30 combined show improvements. If we adopt

the approach that a reduction of Cstat> 2.71, > 4.6, and > 6.25 for one, two and

three additional interesting parameters corresponds to 90% significance (Reeves

and Turner, 2000; Ricci et al., 2017), and our IGM inclusive xspec models have 3

extra free parameters, 12/30 for CIE and 9/30 for PIE are significantly improved,

combined 15/30.

In conclusion, with the same caveats as for CIE, there are reasonable grounds

for arguing that the PIE model using warmabs is plausible for modelling the cool
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diffuse IGM. The results are similar to the mean hydrogen density of n0 = 1.7×10−7

cm−3. The PIE model results show a decline with redshift in the average metallicty

values along the integrated LOS. The ionisation range and mean are consistent with

the expected values from simulations. It is not possible to conclude whether PIE or

CIE is the better single model for the IGM at all redshift. From the outset, it was

noted that a combined model is likely but this requires better data. The results

may indicate that we are seeing different IGM phases along the LOS, though we

are examining the extremes of CIE an PIE models separately.

Given that it is typically not possible to fit the spectra with both PIE and CIE

models due to spectral resolution, and that the results for the IGM parameters are

very similar using CIE and PIE models, in subsequent chapters, I will use only the

CIE model when modelling the IGM.

3.6 Discussion and comparison with other studies

In both CIE and PIE IGM scenarios, the IGM is highly ionised with either high

temperatures or high ionisation parameters. We find that under both scenarios for

the IGM, the average metallicity along the LOS declines with redshift, with the

caveat that we are using a cumulative LOS absorption. The decline in average

metallicity is less in the PIE model. It may be that at lower redshift regions of

higher metallicity such as the WHIM may be dominant, while at higher redshift,

the diffuse cool IGM becomes dominant, diluting the average metallicity, but we

would require a combined CIE/ PIE model to establish this. Fixing metallicity to

any value gave poor and unreliable results (see Appendix chapter 3). Most prior

studies were based on simplistic assumptions of solar metallicity, and all absorption

in excess of our Galaxy being at the host redshift(e.g. Behar et al., 2011; Campana

et al., 2010, 2012). Further, the absorber was assumed to be neutral. Later studies

used absori which has only 10 metals, and only Fe variable (Starling et al., 2013;

Campana et al., 2015). The use of solar metalicity leads to underestimate of column
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density, while the assumption of all excess absorption at the host redshift leads to

overestimation of the column density.

Our analysis, using the more sophisticated models for PIE and CIE, shows that

substantially higher metallicity is indicated at lower redshifts compared to higher

redshifts. As noted in more detail in Sections 3.2 and 3.4, there is some consensus

for the diffuse cool IGM metallicity with redshifts z = 2−4 at Z = 0.001Z⊙ ([X/H] =

−3), but with little or no observed evolution. However, these are either in Lyα forest

regions or more dense systems such as LLSs or DLAs (e.g. S03, A08, F14, F16). At

lower redshift z = 0 − 2, in the WHIM and the ICM, there is some consensus that

the predicted mean metallicity is Z ∼ 0.1Z⊙ (e.g. Wiersma et al., 2011; Danforth

et al., 2016, S12), though it is unlikely that many GRB LOS pierce the ICM. Our

CIE and PIE models in Section 3.5 show that regardless of the IGM model, both

CIE and PIE are picking up substantial absorption by highly ionised absorbers.

This use of sophisticated ionised absorber models for GRB has not been completed

previously.

Campana et al. (2015) completed simulations of IGM absorption using GRBs and

quasars. For GRBs, their simulations indicated that the LOS does not contain

any absorbers with over-density ∆ > 100, log(T/K) ∼ 5 − 7 and mean metallicity

Z = 0.03Z⊙. As we are tracing the full LOS and not any individual absorber,

we cannot compare our results directly with Campana et al. (2015) in terms of

overdensities. Their result for temperature range is consistent with ours for the

CIE model. However, we find that a decline in metallicity is observed in both

CIE and PIE scenarios for the IGM. In contrast, using AGNs, their simulations

showed prevalence of absorption systems with large over-densities (∆ > 300) at

z ∼ 0.5 − 1.2, temperature of ∼ (3 − 15) × 106 K and mean metallicity in these

regions of Z = 0.3±0.1Z⊙. We would agree with their speculation that it is unlikely

that GRB trace different LOS to AGN through the diffuse IGM and that therefore,

these large overdensities and high metallicity may be proximate to the AGNs, e.g.

in their CGM.
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Behar et al. (2011) noted that in their GRB sample the observed opacity at low

energies, while high at low redshift, tended toward an asymptotic value at z ∼ 2.

They interpreted this as possible evidence for the detection of absorption by a

diffuse, highly ionised intergalactic medium. This interpretation would solve the

problems of the lack of correlation observed between the Nhx and Nh i in GRB

afterglows, and the very low apparent dust-to-metals ratios. Rahin and Behar

(2019) extended this earlier work to include all GRB up to 2019 and found very

similar results.

There have been some claims in recent years to have found the missing baryons

in the WHIM using different tracers. We now compare our work with some of

these studies. Arcodia et al. (2018) used blazars as potential IGM absorption

tracers. They modelled IGM absorption using igmabs in xspec. This is based

on absori, with solar abundance and limited number of metals. Only 4 blazars

were fitted. Their resulting average n0 = 1.01+0.53
−0.72 × 10−7 cm−3 is lower than our

result. Their temperature log(T/K)= 6.45+0.51
−2.12 and ionisation log(ξ) = 1.47 ± 0.27

(note log(ξ) was tied to n0) are consistent with our results. They derived a value

of ZIGM = 0.59+0.31
−0.42Z⊙ based on an average IGM density from their fittings, as

compared to n0 = 1.7×10−7 cm−3 which is substantially higher than our results but

they noted this should only be viewed as a consistency check.

Macquart et al. (2020) used FRB dispersion measure (DM) to measure the total

electron column density on the LOS to the FRB host. Their sample is limited to

5 FRB in the redshift range 0.12 to 0.52. To isolate the possible IGM component,

they fix the Galactic DM to values measured by Cordes and Lazio (2002) with an

additional fixed component to represent the Galactic halo of 50 pc cm−3. They also

assumed a fixed FRB host at DMhost = 50/(1 + z) pc cm −3. They add that further

analysis of their sample mildly favors a median host galaxy contribution of ∼ 100

pc cm−3 with a factor of two dispersion around this value. This is the conventional

approach in FRB i.e. to fix the FRB host DM with the assumption that all excess

DM is then due to the IGM. This is very different to the traditional GRB approach
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of assuming all absorption in excess of our Galaxy is at the host redshift. Their

resulting baryon fraction is a median value of Ωbh70 = 0.056 and a 68% confidence

interval spanning [0.046, 0.066]. Based on this result they claim that their FRB

DM measurements confirm the presence of baryons with the density estimated from

the CMB and Big Bang Nucleosynthesis, and are consistent with all the missing

baryons being present in the ionised intergalactic medium. Our median value for

the baryon fraction for both CIE and PIE models is Ωbh70 = 0.043 and a 90%

confidence interval spanning [0.014, 0.079] (CIE) and [0.014, 0.077] (PIE) which is

consistent with their results. Their approach to fixing the host DM component is

also analogous to our approach with GRB.

Nicastro et al. (2018) claim to have observed the WHIM in absorption. Only

1 to 2 strong O vii absorbers are predicted to exist per unit redshift. Nicastro

et al. (2018) reported observations of two O vii systems. System 1 (z = 0.43) had

T = 6.8+9.9
−3.6 × 105 K, Nhxigm = 1.6+0.8

−0.5/(Z/Z⊙) × 1019 cm−2. System 2 (z = 0.36) had

T = 5.4+9.0
−1.7 × 105 K, Nhxigm = 0.9+1.5

−0.9/(Z/Z⊙) × 1019 cm−2. With Z = 0.1Z⊙, and

with an average of 1.5 systems per unit redshift, this gives Nhxigm ∼ 1.9 × 1020

cm−2 for z ∼ 1. While the temperatures are consistent with our results, the column

densities are an order of magnitude lower than our results and that of Arcodia et al.

(2018) and Macquart et al. (2020) for blazars and FRB respectively. This could

be interpreted as supporting the contribution of the IGM to absorption over and

above individual strong WHIM absorbers.

It is not possible at present to detect the individual filaments using the thermal

Sunyaev–Zeldovich (tSZ) effect as the signal is much smaller than both the noise

in the latest CMB experiments, and compared to the sensitivity of Planck(Planck

Collaboration et al., 2020). Tanimura et al. (2020b, hereafter T20) used gas fil-

aments between the Luminous Red Galaxy (LRG) pairs relying on stacking the

individual frequency maps for 88000 pairs in the low redshift range z < 0.4. The

stacking removes the CMB component while the dust foreground becomes homo-

geneous. Their stacked tSZ signal, with an assumed temperature of 5 × 106 K for
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the filaments, gives an electron overdensity of ∼ 13 , based on electron number

density today to be ne0 = 2.2 × 10−7 cm−3. This is consistent with (Cen and Os-

triker, 2006) and M19 simulations for the WHIM. Our results for the mean density

and temperature ranges in the CIE scenario are consistent with these results, with

the caveat that the IGM slab in our model is placed at half the GRB redshift i.e.

at much higher redshifts than the T20 sample.

While there are GRB at low redshift with high Nhx, the bulk of low redshift GRB

are consistent with our work. The mean NHX (revised for Z = 0.07Z⊙ or actual

metallicity, dust-corrected if available) for z < 1 taken from D20 is 5.3× 1021 cm−2.

GRB Nh i do not show any relation with redshift. The mean for a sample again

from D20 with z < 2 is 4.9 × 1021 cm−2. Following our method of approximating

the GRB host column density as equal to Nh i, this leaves only a small absorption

difference 0.4 × 1021 cm−2. At z ∼ 0.5, the mean IGM from our work is ∼ 1.5 × 1021

cm−2.

Some GRB at low redshift have very high X-ray absorption e.g. GRB190114C.

The host-galaxy system of GRB190114C is composed of two galaxies, a close pair

merger system (de Ugarte Postigo et al., 2020). Drawing from their observations,

there are several possible factors which may explain the very high intrinsic Nhx

in this low redshift GRB. The GRB exploded within the central cluster of the

host galaxy, where the density is higher, at a projected distance of ∼ 170 pc from

the core. The GRB location is indicative of a denser environment than typically

observed for GRBs. The host system stellar mass is an order of magnitude higher

than the median value of GRB hosts at 0 < z < 1 as measured for the BAT6 host

sample. Finally, the GRB host has a much higher metallicity at 0.43 than the

average GRB host at 0.07 from D20. Campana et al. (2021) found that the Nhx

was decreasing with time which would be strong evidence the bulk of the column

density was intrinsic as the IGM Nhx should not vary with time.

Our results show that substantial absorption probably occurs in the IGM in both

the PIE and CIE scenarios. Most fits have consistently, if marginally better Cstat
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results compared to the simple model with all excess absorption occurring at the

GRB host redshift. We would argue that while some excess absorption is attribut-

able to the GRB host, and that better host models may identify this host excess

absorption, the IGM contributes substantially to the total absorption seen in GRB

spectra, and that it indeed rises with redshift. This IGM absorption at least partly

explains why Nhxigm seen in GRB full LOS afterglow spectra is substantially in

excess of the intrinsic Nh i in GRB hosts. However, the CGM in the GRB host

may also contribute to the Nhxigm, and future models incorporating more ad-

vanced modelling for a warm/hot CGM component in GRB hosts are needed to

explore the relative contribution of the IGM and the host CGM to the observed

absorption.

3.7 Conclusions

The main aim of this paper is to probe the key parameters of density, metallicity,

temperature and photo-ionisation of the IGM using sophisticated software models

for the ionised plasma. We use spectra from Swift for GRBs as our tracers with

a redshift range of 1.6 ≤ z ≤ 6.3. We isolated the IGM LOS contribution to

the total absorption for the GRBs by assuming that the GRB host absorption

is equal to ionised corrected intrinsic neutral column Nh i,ic estimated from the

Lyα host absorption. We use more realistic host metallicity, dust corrected where

available in generating the host absorption model. We model the IGM assuming a

thin uniform plane parallel slab geometry in thermal and ionisation equilibrium to

represent a LOS through a homogeneous isothermal medium. We use xspec fitting

with steppar and MCMC to generate best fits to the GRB spectra. Our work uses

the continuum total absorption to model plasma as opposed to fitting individual

line absorption as the required resolution is not available currently in X-ray. We set

the xspec metallicity parameter range as −4 < [X/H] < −0.7 (0.0001 < Z/Z⊙ < 0.2),

with temperature for CIE at 4 < log(T/K)< 8 and ionisation parameter between
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0 ≤ log(ξ) ≤ 3. The CIB photon index is fixed at 2.

Our main findings and conclusions are:

1. Modelling the IGM using hotabs for CIE with parameters Nhx, Z and T

free appears to present plausible results for Nhxigm with an equivalent mean

hydrogen density at z = 0 of n0 = 1.8+1.5
−1.2 × 10−7 cm−3. It shows similar values

and correlation with redshift as the mean IGM density model, Fig. 3.4 top-

left panel. A power law fit to the Nhxigm versus redshift trend scales as

(1 + z)1.9±0.2.

2. A power law fit to the [X/H] and redshift trend for CIE scales as (1+z)−5.2±1.0,

Fig. 3.4 top-right panel. Metallicity ranges from [X/H] = −1 (Z = 0.1Z⊙) at

z ∼ 2 to [X/H] ∼ −3 (Z = 0.001Z⊙) at high redshift z > 4. This could suggest

that at low redshift, the higher metallicity warm-hot phase is dominant with

Z ∼ 0.1Z⊙, while at higher redshift the low metallicity IGM away from knots

and filaments is dominant.

3. The CIE temperature range is 5.0 < log(T/K) < 7.1, Fig. 3.4 bottom-left

panel indicating that very highly ionised metals are prominent absorbers over

the LOS. The mean temperature over the full redshift range is log(T/K) =

6.3+0.6
−1.3. These values are consistent with the generally accepted WHIM range

and with the latest simulations.

4. Modelling the IGM using warmabs for PIE with Nhxigm, Z and ξ as free

parameters appears to present plausible results though with more scatter at

lower redshift compared to our CIE model . The PIE Nhxigm shows values

and rise with redshift comparable to the mean IGM hydrogen density model

in Fig. 3.5 top-left panel. A power law fit to the Nhxigm versus redshift

trend scales as (1+ z)1.0±0.3, a much flatter power law than for CIE. The mean

hydrogen density equivalent from this model at z = 0 is n0 = 1.8+1.4
−1.2 × 10−7

cm−3, very similar to the CIE result.
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5. In the PIE scenario, there is a power law fit to the [X/H] and redshift trend

scaling as (1+z)−2.1±0.8, a slower decline than under the CIE IGM model. The

metallicity is approximately [X/H] = −1.0 (Z = 0.1Z⊙) at z ∼ 2 falling to

[X/H]= −2.4 (Z = 0.004Z⊙) at z > 4.

6. The PIE ionisation parameter range from fits is 0.1 < log(ξ) < 2.9, Fig. 3.5

bottom-left panel. The mean ionisation parameter over the full redshift range

is log(ξ) = 1.6+0.9
−1.2.

7. Regardless of the assumed ionisation state of the IGM, both models pick up

considerable highly ionised absorption.

8. We compared our CIE model with absori in Appendix chapter 3 which was

generally used in prior studies using GRBs as IGM tracers. absori is limited

with only 10 metals, all fixed to solar metallicity except Fe. Our CIE and

PIE IGM models use software which include all metals and ionisation species

up to Z ≤ 30, with variable metallicity. In conclusion, absori is no longer a

preferred model for IGM absorption and the results of earlier studies using it

for IGM modelling may not be reliable.

9. All our GRB spectra have fits as good as or better than the model with all

excess absorption assumed to occur at the GRB host redshift. While some

excess absorption may be attributable to the GRB host and its CGM, in

our models the IGM contributes substantially to the total absorption seen

in GRB spectra, and it rises with redshift. We provide clear evidence that

a complete model should also account for a (possibly dominant) fraction of

intervening IGM material.

This study is based on observations of GRB X-ray spectra, and provides

results on the IGM parameters. The constraints will only be validated when

observations are available from instruments with large effective area, high

energy resolution, and a low energy threshold in the soft X-ray energy band

e.g. Athena which will study the IGM through detailed observations of O vii
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and O viii absorption features with equivalent width > 0.13 eV and > 0.09

eV respectively.
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PIE free parameter fits

3.8 Appendix chapter 3 - Model comparisons and

investigating robustness of CIE and PIE free parameter

fits

3.8.1 Metallicity fixed to Z = 0.01Z⊙

To test the selected PIE and CIE models, we conducted trials freezing one key

parameter at a time. We limited the sample data size to 15 covering the full

redshift range 1.6 − 6.3. For the first trial we froze the metallicity of the IGM to

Z = 0.01Z⊙ as representative of the diffuse IGM. Most studies of the cooler PIE

IGM in Lyα regions found virtually no evidence for metallicity evolution in the

range z ∼ 2 − 4 (e.g. S03, A08) so it is reasonable to test this scenario. The green

line for all models is the mean density of the IGM based on the simple model from

eq. 3.1.

3.8.1.1 warmabs (PIE)

In Fig. 3.6 left, the expected increase of Nhxigm with redshift does not arise with

warmabs when the metallicity is frozen to Z = 0.01Z⊙. The low redshift Nhxigm is

substantially higher than the expected mean IGM density, while at higher redshifts

it is below the IGM mean density. This could indicate that a fixed metallicity

assumption is unrealistic, or the PIE model is not appropriate for the LOS to the

GRB. In Fig. 3.6 middle panel, we see a wide range of ionisation parameters with

substantial error bars at lower redshift. There appears to be a negative trend with

redshift, though this may be due to the metallicity being fixed.

Fig. 3.6 right panel shows an example of the a MCMC integrated probability plot

for the warmabs PIE Nhxigm and ξ. Most MCMC integrated probability plots

are reasonably consistent with steppar, indicating a good fit with low Cstat, but

some are not. In this example, there are a few islands of high probability. As for
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Figure 3.6: Results for the IGM parameters using the PIE warmabs model with
Z = 0.01Z⊙. The error bars are reported with a 90% confidence interval. Left
panel is Nhx and redshift. The green line is the simple IGM model using the mean
IGM density. Middle panel is ionisation parameter versus redshift. Right panel
is an example of an integrated MCMC plot. The red, green and blue contours
represent 68%, 95% and 99% ranges for the two parameters respectively, with grey-
scale showing increasing integrated probability from dark to light. On the y-axis
rlogxi = log(ξ).

several of the GRB, its shows that the best fit could have occurred at the low or

high end of the confidence range. In conclusion, primarily due to the result for

column density, it is likely, that a fixed metallicity warmabs based PIE model for

the IGM is not realistic.

3.8.1.2 hotabs (CIE)

Similar to the warmabs PIE model, the expected increase of Nhxigm with redshift

in Fig. 3.7 left panel does not arise with hotabs when the metallicity is frozen to

Z = 0.01Z⊙. This could indicate that a fixed metallicity assumption is unrealistic,

or that the CIE model is not appropriate. Again, at low redshift, the Nhxigm is

much greater than the mean density model, while at high redshift it is much lower.

The error bars are very large. In Fig. 3.7 middle panel, we see a wide range of

temperatures with substantial error bars. The best fit data points appear to favour

either the high or low end of the 90% confidence range. Finally, Fig. 3.7 right

panel shows an example of the MCMC integrated probability plot for the hotabs

CIE Nhxigm and T. In this example, there is a characteristic S shape where, at

high column density, a range of temperatures at a similar column density could fit,

while at low temperature, there is a different range of column densities that could
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Figure 3.7: Results for the IGM parameters using the CIE hotabs model with
Z = 0.01⊙CIE Z=0.01. The error bars are reported with a 90% confidence interval.
Left panel is Nhx and redshift. The green line is the simple IGM model using
the mean IGM density. Middle panel is temperature versus redshift. Right panel
is an example of an integrated MCMC plot. The red, green and blue contours
represent 68%, 95% and 99% ranges for the two parameters respectively, with grey-
scale showing increasing integrated probability from dark to light. On the y-axis
in the bottom-left panel T4 means the log of the temperature is in units of 104 K.

fit. There is a single high maximum but there are a couple of islands of 1 sigma

probability.

In conclusion, it is likely, that a fixed metallicity hotabs based CIE model for the

IGM is not realistic.

3.8.1.3 ioneq (CIE)

Modelling the IGM using ioneq with a fixed metallicity appears to present plausible

results for Nhxigm in Fig. 3.8 left panel, showing a similar rise with redshift as

the mean IGM density model, except at very high redshift. A power law fit to

the Nhxigm versus redshift trend scales as (1 + z)1.8±0.5 . We note that all metals

included in the ioneq model, except O, Ne and Fe, are fixed to the solar abundance,

an unrealistic value for the diffuse IGM. ioneq is currently being updated to allow

all metals as free parameters but was not available for this paper (Gatuzz, E.,

private communication). As with hotabs, the error bars on temperature with

redshift in Fig. 3.8 middle panel are substantial, but the best fits do not favour

the high or low end of the confidence interval.

Most MCMC integrated probability plots for ioneq fittings show large degeneracy
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Figure 3.8: Results for the IGM parameters using the ioneq CIE model with
IGM Z = 0.01 Z⊙. The error bars are reported with a 90% confidence interval.
Left panel is Nhx and redshift. The green line is the simple IGM model using
the mean IGM density. Middle panel is temperature versus redshift. Right panel
is an example of an integrated MCMC plot. The red, green and blue contours
represent 68%, 95% and 99% ranges for the two parameters respectively, with grey-
scale showing increasing integrated probability from dark to light.

as seen in the example in Fig. 3.8 right panel, with many local maxima. The Cstat

fits to the GRB spectra are as good as for warmabs and hotabs. In conclusion,

the plots suggest that a CIE IGM model with fixed metallicity of Z = 0.01 Z⊙ may

be plausible. However, due to the MCMC showing substantial degeneracies, and

the unrealistic solar metallicities, we have not used this model.

3.8.1.4 absori

Fig. 3.9 left panel shows the results for Nhxigm using absori for the IGM absorp-

tion with metallicity fixed again at Z = 0.01 Z⊙. In absori, only Fe is affected as

the other 9 metals in the model are fixed to solar. The ionisation parameter was

fixed at ξ = 0, so only temperature was allowed to vary as a CIE model. The fits

were very poor, errors could not be generated in xspec, and the MCMC runs failed

to generate plausible results. No apparent redshift correlation can be seen, similar

to warmabs and hotabs. Due to the poor fits, it cannot be said whether this

is due to the absori model being limited to 10 metals, having all metals, except

Fe at solar, edge absorption only or the model not being self-consistent. Fig 3.9

right panel shows the IGM temperatures from the fittings. As with all models, it

shows a large scatter. In conclusion, absori is no longer an ideal model for IGM
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Figure 3.9: Results for the IGM parameters using the absori CIE model with the
IGM Z = 0.01⊙. Left panel is Nhx and redshift. The green line is the simple IGM
model using the mean IGM density. Right panel is temperature and redshift. No
error bars could be generated by xspec.

absorption.

In summary, warmabs and hotabs are the most sophisticated models, and the

MCMC integrated probability plots were the most consistent with the steppar

results and have plausible integrated probability plots. Most show a single deep

maximun, but there is degeneracy with several possible parameter fit solutions.

Accordingly, we decided to proceed only with warmabs and hotabs, and not

ioneq nor absori for the remaining tests. However, the fixing of metallicity for

both PIE and CIE IGM models with redshift is not appropriate for any model.
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Figure 3.10: Results for the IGM parameters with Nhxigm fixed at the mean IGM
density. The error bars are reported with a 90% confidence interval. Top-left
panel is [X/H] versus redshift for the PIE model. Top-right panel is ionisation
versus redshift for PIE. Bottom-left panel is the CIE model [X/H] versus redshift.
Bottom-right panel is log(T/K) versus redshift for CIE. The orange line is the χ2

fit. We do not include a χ2 curve in the temperature-redshift plot (bottom-right)
as the fit had very large uncertainties.

3.8.2 Forcing N HXIGM to equal the mean IGM density

The next approach investigated was to freeze the Nhxigm parameter at the value

for mean IGM density integrated to the GRB redshift using eq.3.1 . Metallicity

and ionisation parameters (PIE) or temperature (CIE) were free.

For both PIE and CIE, nearly all fits were consistent with steppar and showed

good integrated probability plots. There is a requirement for strong metallicity

evolution in both scenarios with power law fits to the [X/H] versus redshift trend

scaling as (1+ z)−9.1±0.7 and (1+ z)−7.1±0.8 for PIE (Fig. 3.10 top-left panel) and CIE

(Fig. 3.10 bottom-left panel) respectively. The 90% confidence range was much

improved for the [X/H] fits as compared with the fixed metallicity scenario fits
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Figure 3.11: Sample MCMC integrated probability plots with hotabs CIE IGM for
two GRB with Nhxigm equal to the mean density. The red, green and blue contours
represent 68%, 95% and 99% ranges for the two parameters respectively, with grey-
scale showing increasing integrated probability from dark to light. On the x-axis
T4 means the log of the temperature is in units of 104 K. On the y-axis all metals
are tied to the Z/Z⊙ for Carbon.

for Nhxigm. The ionisation parameter for the PIE fits varied widely between 0 <

log(ξ) < 3 without any simple trend with redshift. The temperature parameter

for the CIE fits also varied widely between 5 < log (T/K) < 7.5 without any simple

trend with redshift.

Fig. 3.11 shows two examples of MCMC integrated probability plots for the CIE

scenario. Both show the patterns that most GRB showed in this scenario of Nhxigm

fixed to the mean density where at high temperature, a range of metallicity could

fit, while at low metallicity, there is a range of temperature that could fit.

In conclusion, if the scenario where the average density model of the IGM is valid for

the GRB sight lines, it requires strong metallicity evolution for both CIE and PIE.

It is not possible to determine which scenario (CIE versus PIE) is more plausible

from the fits apart from the fact that the high redshift z = 6.32 GRB140505 was well

fitted with CIE but not with PIE. The results support the Section 4 free parameter

fit model scenarios for both PIE snd CIE IGM and could be interpreted as validity

check.
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Figure 3.12: Results for the IGM parameters using the hotabs CIE model with
fixed temperatures. The green curve is the simple IGM model using the mean IGM
density. Top-left panel is Nhxigm versus redshift and bottom-left panel is [X/H]
versus redshift for the CIE model with log(T/K) = 5. Top-right panel is Nhxigm
versus redshift and bottom-right panel is [X/H] versus redshift for the CIE model
with log(T/K) = 6. We do not include error bars as the plots are not plausible
models.

3.8.3 Freezing temperature for CIE and ionisation parameter for PIE

The next test was to freeze temperature for CIE and ionisation parameter for PIE

and leave Nhxigm and metallicity free. For temperature in the CIE hotabs model,

we froze temperature at log(T/K) = 5 and 6 as representative of the cooler and

hotter CIE phases.

The fits for Nhxgm with temperature fixed at log(T/K) = 5, are much lower than

the mean IGM model in Fig. 3.12 top-left panel, with considerable scatter. In Fig.

3.12 top-right panel with log(T/K) = 6, some fits are similar to the mean IGM model

and show a suggestion of a rise with redshift with some outliers. However, several

are well below the mean density. The metallicity plots for both fixed temperatures
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Figure 3.13: Results for the IGM parameters using the warmabs PIE model with
fixed ionisation parameters. The green curve is the simple IGM model using the
mean IGM density. Top-left panel is Nhxigm and redshift and bottom-left panel is
[X/H] and redshift for the PIE model with log(ξ) = 1. Top-right panel is Nhxigm
and redshift and bottom-right panel is [X/H] and redshift for the PIE model with
log(ξ) = 2. We do not include error bars as the plots are not meant to be repres-
entative of plausible models.

show no apparent relation with redshift. The higher temperature log(T/K) = 6

CIE model appears more realistic if the IGM mean density model is appropriate

for the IGM. However, it is unlikely that a fixed average temperature approach is

appropriate for our CIE IGM modelling.

For PIE, the ionisation parameter was frozen at log(ξ) = 1 and 2. At both log(ξ)

= 1 and 2, there is a possible Nhxigm rise with redshift in Fig. 3.13 top-left and

right panels. Further, the fits for both are similar to the mean density model, with

log(ξ) = 2 being closer. There is a suggestion of metallicity evolution at log(ξ) =

2. It is not possible to say whether freezing ionisation parameter is a reasonable

approach but the fits and overall results for log(ξ) = 2 are better, with lower Cstat.
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In summary, freezing the ionisation parameter gives somewhat more plausible res-

ults in the PIE scenarios than the CIE scenarios with fixed temperatures. However,

overall, the scenarios with such fixed parameters are not preferred and therefore,

we suggest that our free parameter IGM scenarios are more realistic in Section 3.5.

The warmabs and hotabs models are more sophisticated than the current version

of ioneq and absori, again supporting our model choices in Section 3.5.
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Figure 3.14: hotabs transmission models showing the impact of variations for
metallicity, temperature and redshift on transmission.

Figure 3.15: warmabs transmission models showing the impact of variations for
metallicity, ionisation parameter and redshift on transmission.

3.8.4 Sample transmission plots

The figures show the impact on transmission using models for CIE and PIE varying

the parameters for temperature, redshift, metallicity and ionisation.
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Chapter 4

Probing the physical properties of

the intergalactic medium using

blazars

This paper was published as Dalton T., Morris S. L., Fumagalli, M., Gatuzz, E.,

2021, MNRAS 508, 2, 1701, and reproduced here with minor formatting changes

4.1 Summary

We use Swift blazar spectra to estimate the key intergalactic medium (IGM) prop-

erties of hydrogen column density (Nhxigm), metallicity and temperature over a

redshift range of 0.03 ≤ z ≤ 4.7, using a collisional ionisation equilibrium (CIE)

model for the ionised plasma. We adopted a conservative approach to the blazar

continuum model given its intrinsic variability and use a range of power law models.

We subjected our results to a number of tests and found that the Nhxigm para-

meter was robust with respect to individual exposure data and co-added spectra

for each source, and between Swift and XMM-Newton source data. We also found

no relation between Nhxigm and variations in source flux or intrinsic power laws.

Though some objects may have a bulk Comptonisation component which could
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mimic absorption, it did not alter our overall results. The Nhxigm from the com-

bined blazar sample scales as (1 + z)1.8±0.2. The mean hydrogen density at z = 0 is

n0 = (3.2±0.5)×10−7 cm−3. The mean IGM temperature over the full redshift range

is log(T/K) = 6.1± 0.1, and the mean metallicity is [X/H] = −1.62± 0.04 (Z ∼ 0.02).

When combining with the results with a gamma-ray burst (GRB) sample, we find

the results are consistent over an extended redshift range of 0.03 ≤ z ≤ 6.3. Using

our model for blazars and GRBs, we conclude that the IGM contributes substan-

tially to the total absorption seen in both blazar and GRB spectra.

4.2 Introduction

The main objective of this paper is to estimate key IGM parameters of column

density, metallicity, and temperature, using a model for ionised absorption on the

line of sight (LOS) to blazars. Our hypothesis is that there is significant absorption

in the diffuse IGM, and that this IGM column density increases with redshift.

Our approach is different to most other blazar studies which focus primarily on

the intrinsic curvature of the X-ray spectral flux, or where works attribute to the

host only, any spectral hardening due to excess absorption over our Galaxy (e.g

Bottacini et al., 2010; Paliya et al., 2016; Ricci et al., 2017). Instead, we focus

on the possible absorption due to the IGM using a sophisticated highly ionised

absorption component in addition to best fit intrinsic curvature models. We test

the robustness of our result from a number of perspectives. Finally, we combine

our blazar sample with an extended redshift GRB sample to enable cross tracer

comparison.

Most baryonic matter resides in the IGM (McQuinn, 2016). Simulations predict

that up to 50% of the baryons by mass have been shock-heated into a warm-hot

phase (WHIM) at z < 2, with T = 105 − 107 K and nb = 10−6 − 10−4 cm−3 where nb

is the baryon density (e.g Cen and Ostriker, 1999, 2006; Davé and Oppenheimer,

2007; Schaye et al., 2015). Martizzi et al. (2019), using the IllustrisTNG simulations
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∗(Piattella, 2018), estimated that the cool diffuse IGM constitutes ∼ 39% and the

WHIM ∼ 46% of the baryons at redshift z = 0. Observations of the cool diffuse IGM

and WHIM are required to trace matter across time and to validate the simulations

(Danforth et al., 2016).

A significant fraction of the cool gas probed by strong Lyα forest systems (SLFSs):

15 < logNH i < 16.2†; partial Lyman Limit Systems (pLLSs): 16.2 < logNH i<

17.2; Lyman Limit Systems (LLSs): 17.2 < logNH i< 19 ; super-LLSs (sLLSs): 19.0

<logNH i< 20.3; and Damped Lyα Systems (DLAs) logNH i >20.3 (Fumagalli, 2014)

has been associated with galaxy haloes and the circum-galactic medium (CGM)

(Pieri et al., 2014; Fumagalli et al., 2013, 2016). Over the last several decades,

observations of redshifted Lyα absorption in the spectra of quasars has provided

a highly sensitive probe of the cool IGM (e.g. Morris et al., 1991; York et al.,

2000; Harris et al., 2016; Fumagalli et al., 2020). At higher temperatures, for

some time, the expected baryons were not detected in the WHIM, giving rise to

the “missing” baryon problem (Danforth and Shull, 2005, 2008; Shull et al., 2012,

2014). Recent literature points to the CGM as the reservoir for at least a fraction

of this missing matter (Tumlinson et al., 2011, 2013; Werk et al., 2013; Lehner

et al., 2016). Other claims to have detected the WHIM include possible detection

of O vii lines, excess dispersion measure over our Galaxy and the host galaxy in

Fast Radio Bursts (FRB), using the thermal Sunyaev Zelodovich effect, and X-ray

emission from cosmic web filaments (e.g. Nicastro et al., 2018; Macquart et al.,

2020; Tanimura et al., 2020b).

Detection of the WHIM is extremely challenging, as its emission is very faint, it

lacks sufficient neutral hydrogen to be seen via Lyα absorption in spectra of distant

quasars, and the X-ray absorption signal expected from the WHIM is extremely

weak (Nicastro et al., 2018; Khabibullin and Churazov, 2019). The vast majority

of hydrogen and helium is ionised in the IGM post reionisation. Therefore, the

∗http://www.tng-project.org/
†Throughout this chapter, logarithmic column densities are expressed in units of cm−2
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observation of metals is essential for exploring the IGM properties including density,

temperature and metallicity. Absorption-line studies in optical to UV, of individual

systems that use the ionisation states of abundant heavy elements, have been very

successful (e.g. Shull et al., 2014; Raghunathan et al., 2016; Selsing et al., 2016;

Lusso et al., 2015). However, most very highly ionised metals are not observed in

optical to UV. Tracing individual features of the IGM metals in X-ray with current

instruments is very limited. Although the X-ray absorption cross-section is mostly

dominated by metals, it is typically reported as an equivalent hydrogen column

density (hereafter Nhx).

Extremely energetic objects such as active galactic nuclei (AGN) and GRBs are

currently some of the most effective tracers to study the IGM as their X-ray absorp-

tion provides information on the total absorbing column density of matter between

the observer and the source (e.g. Galama and Wijers, 2001; Watson et al., 2007;

Watson, 2011; Wang, 2013; Schady, 2017; Nicastro et al., 2017, 2018). Nhx consists

of contributions from the host local environment, the IGM, and our own Galactic

medium. The Galactic component is usually known from studies such as Kalberla

et al. (2005); Willingale et al. (2013, hereafter W13).

One of the main results of earlier studies of the IGM using high redshift tracers

is the apparent increase in excess of Nhx with redshift (e.g. Behar et al., 2011;

Watson, 2011; Campana et al., 2012). The cause of the Nhx rise with redshift

seen in high redshift tracers has been the source of much debate over the last two

decades. One school of thought argues that the object host accounts for all the

excess and evolution (e.g Schady et al., 2011; Watson et al., 2013; Buchner et al.,

2017) . The other school of thought argues that while the host can have an ab-

sorption contribution, the IGM contributes substantially to the excess absorption

and is redshift related (e.g Starling et al., 2013; Arcodia et al., 2016; Rahin and

Behar, 2019; Dalton and Morris, 2020; Dalton et al., 2021a, hereafter D20, D21).

The convention in earlier studies using AGN and GRBs was to use solar metalli-

city for a neutral absorber, as a device used to place all of the absorbing column
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density measurements on a comparable scale. These studies all noted that the res-

ulting column densities were, therefore, lower limits as GRBs typically have much

lower metallicities. D20 used realistic GRB host metallicities to generate improved

estimates of Nhx. They confirmed the Nhx redshift relation.

While GRBs can have significant host absorption, blazars are thought to have neg-

ligible X-ray absorption on the LOS within the host galaxy, swept by the kpc-scale

relativistic jet (Arcodia et al., 2018, hereafter A18). This makes blazars ideal can-

didates for testing the absorption component of the IGM. Despite the suitability

of blazars as IGM tracers, A18 is the only previous study to use them to explore

IGM absorption as the cause of spectral curvature. Blazars are a special class of

radio-loud AGN in which the relativistic plasma emerges from the galaxy core as a

jet towards the observer. The broad-band spectra of blazars are characterized by

two humps. The first hump produces a peak located between infrared to X-ray fre-

quencies and is attributed to synchrotron processes. The second hump is typically

found in X-ray to γ-ray frequencies and relates to inverse Compton (IC) processes.

The seed photons for the IC process can be intrinsic to the jet, emitted through

synchrotron processes at low frequencies called Synchrotron Self-Compton (SSC)

(e.g Ghisellini and Maraschi, 1989). Alternatively, if the seed photons originated

from the accretion disc and are reprocessed by the broad-line region and/or the

molecular torus, it is referred to as External Compton (EC) (e.g. Sikora et al.,

1994). Blazars are conventionally classified as either flat spectrum radio quasars

(FSRQs) characterized by strong quasar emission lines and higher radio polariza-

tion, or BL Lac objects exhibiting featureless optical spectra (Urry and Padovani,

1995). The distribution of the synchrotron peak frequency is significantly different

for the two blazar classes. While the rest-frame energy distribution of FSRQs is

strongly peaked at low frequencies (≤ 1014.5 Hz), the energy distribution of BL Lacs

is shifted to higher values by at least one order of magnitude (Padovani et al., 2012).

FSRQs have a much higher median redshift than BL Lacs, and can be found out

to high redshift (Sahakyan et al., 2020). Therefore, we focus primarily on FSRQ
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blazars in this study.

The sections that follow are: Section 4.3 describes the data selection and methodo-

logy; Section 4.4 covers the models for the IGM LOS including key assumptions and

parameters, and blazar continuum models; Section 4.5 gives the results of blazar

spectra fits using collisional IGM models with free IGM key parameters; in Section

4.6 we investigate and test the robustness of the IGM model fits; in Section 4.7

we combine a GRB sample with our blazar sample for cross-tracer analysis. We

discuss the results and compare with other studies in Section 4.8, and Section 4.9

gives our conclusions. We suggest for readers interested in the key findings on

IGM parameters from fits only, read Sections 4.5, 4.7 and 4.9. Readers interested

in detailed spectra fitting methodology and model assumptions should also read

Sections 4.3 and 4.4. Finally, for readers interested in more detailed examination

of robustness of the blazar spectra fitting and comparison with other studies, read

Sections 4.6 and 4.8.

4.3 Data selection and methodology

The total number of confirmed blazars by means of published spectra as of 2020

was 2,968 (1,909 FSRQ and 1,059 BL Lac) per the Roma-BZCAT Multifrequency

Catalogue (Roma), which is regarded as the most comprehensive list of blazars

(Paggi et al., 2020; Massaro et al., 2015). The vast majority of blazars are at

z < 2, with less than 4% at z > 2 and 1.2% at z > 2.5 (Sahakyan et al., 2020).

As our objective is to examine possible absorption by the IGM in blazar spectra,

our percentage coverage is greater at higher redshift than lower redshift i.e. ∼

13% of blazars with z > 2 and ∼ 25% of blazars at z > 2.5 based on the Roma

Catalogue numbers. Our sample criteria requires blazars with confirmed redshift

whose spectra have high counts for spectral analysis with a spread across redshift

up to z = 4.7. Table 4.1 gives the counts for each blazar in the sample. The counts

range from 361 to 139, with the highest redshift blazars (z > 3) accounting for most
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of the counts below 1000. We reviewed literature which studied large numbers

of blazars (e.g. Perlman et al., 1998; Donato et al., 2005; Eitan and Behar, 2013;

Ighina et al., 2019; Marcotulli et al., 2020) and, within our criteria, selected objects

randomly for our sample. Our sample has 14 with z > 2, a high fraction of the total

available as noted above. To keep a reasonable spread across the redshift range

which is a log scale, we randomly selected 9 from 1 < z < 2, with 17 with z < 1.

The sample selection method requiring high counts could introduce possible biases.

I investigate this in Chapter 5 for the larger QSO sample.

A key part of our research is the comparative analysis with the GRB sample from

D20 and D21 which was taken primarily from the UK Swift Science Data Centre∗

repository (hereafter Swift ; Gehrels et al., 2004). To ensure a homogeneous dataset

across Blazars and GRBs, our main sample of 40 blazars is drawn from the Swift

2SXPS Catalogue (Evans et al., 2020), using their XRT data products generator.

Swift was designed for GRBs which are thought to explode randomly across the

sky and blazars are totally unrelated to these sources. Therefore, Swift provides a

highly unbiased, all sky, serendipitous database of blazars. Swift recovers much of

the comparative sensitivity with XMM − Newton even though it has a lower effective

area and smaller field of view (Evans et al., 2020).

Swift has proven to be an excellent multi-frequency observatory for blazar research.

Our sample spectra from the Swift repository were taken from the Photon Counting

mode with high photon count. High signal-to-noise X-ray spectra are necessary to

properly assess the presence of a curved spectrum in distant extra-galactic sources

and its components. Therefore, where multiple observations of the same object

were available, we use co-added spectra. Our sample is representative of the range

from 0.03 < z < 4.7 and details are available in Table 4.1.

∗http://www.swift.ac.uk/xrtspectra

116



4.3. Data selection and methodology

Table 4.1: Swift blazar sample. For each blazar, the columns give the name, type,
redshift, number of counts in 0.3-10 keV range and count rate (s−1). Co-added
spectra for each blazar are used which often are observed over a number of years,
so we do not provide individual observation information.

Blazar Type z Total counts Mean count rate (s−1)

Mrk 501 BL Lac 0.03 4398 4.471 ± 0.009
PKS 0521-365 BL Lac* 0.06 17076 0.673 ± 0.004

BL Lac BL Lac 0.07 78117 0.360 ± 0.001
1ES 0347-121 BL Lac 0.18 2318 1.158 ± 0.018
1ES 1216+304 BL Lac 0.18 26601 1.404 ± 0.007

4C +34.47 FSRQ 0.21 9631 0.345 ± 0.006
1ES 0120+340 BL Lac 0.27 13358 0.987 ± 0.007
S50716+714 FSRQ 0.31 69783 0.596 ± 0.002

PKS 1510-089 FSRQ 0.36 60630 0.264 ± 0.001
J1031+5053 BL Lac 0.36 5653 1.022 ± 0.009

3C 279 FSRQ 0.54 139130 0.462 ± 0.001
1ES 1641+399 FSRQ 0.59 13752 0.168 ± 0.002
PKS 0637-752 FSRQ 0.64 4767 0.192 ± 0.003
PKS 0903-57 FSRQ 0.70 361 0.116 ± 0.004

3C 454.3 FSRQ 0.86 83571 1.259 ± 0.002
PKS 1441+25 FSRQ 0.94 2282 0.072 ± 0.002

4C +04.42 FSRQ 0.97 1831 0.108 ± 0.003
PKS 0208-512 FSRQ 1.00 8218 0.085 ± 0.008
PKS 1240-294 FSRQ 1.13 944 0.126 ± 0.005
PKS 1127-14 FSRQ 1.18 5950 0.167 ± 0.002
NRAO 140 FSRQ 1.26 5673 0.305 ± 0.004

OS 319 FSRQ 1.40 1180 0.004 ± 0.001
PKS 2223-05 FSRQ 1.40 1765 0.078 ± 0.002
PKS 2052-47 FSRQ 1.49 1360 0.094 ± 0.003

4C 38.41 FSRQ 1.81 20962 0.145 ± 0.001
PKS 2134+004 FSRQ 1.93 1394 0.090 ± 0.003
PKS 0528+134 FSRQ 2.06 8779 0.060 ± 0.001
1ES 0836+710 FSRQ 2.17 54675 0.664 ± 0.002
PKS 2149-306 FSRQ 2.35 16986 0.415 ± 0.003

J1656-3302 FSRQ 2.40 1365 0.113 ± 0.003
PKS 1830-211 FSRQ 2.50 13367 0.208 ± 0.002
TXS0222+185 FSRQ 2.69 4461 0.207 ± 0.003
PKS 0834-20 FSRQ 2.75 826 0.038 ± 0.001

TXS0800+618 FSRQ 3.03 647 0.057 ± 0.002
PKS 0537-286 FSRQ 3.10 4205 0.079 ± 0.001
PKS 2126-158 FSRQ 3.27 7280 0.225 ± 0.003

S50014+81 FSRQ 3.37 2051 0.112 ± 0.002
J064632+445116 FSRQ 3.39 569 0.029 ± 0.001
J013126-100931 FSRQ 3.51 592 0.055 ± 0.002
B3 1428+422 FSRQ 4.70 488 0.049 ± 0.002

*The classification of PKS0521-365 is disputed as being either a FSRQ, BL Lac
or even a non-blazar (e.g. Urry and Padovani, 1995; Zhang et al., 2021, A18)
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Table 4.2: XMM-Newton sub-sample for individual observation comparison with
Swift co-added spectrum results. For each blazar, the columns give Observation
ID, redshift, total counts and count rate for 0.3-10 keV.

Blazar Observation z Total Mean count
ID counts rate (s−1)

3C 454.3 mean 0.86 261165 24.86
0401700201
0401700401
0401700501
0103060601

PKS 2149-306 0103060401 2.35 39152 1.91
PKS 2126-158 0103060101 3.26 39504 2.62
PKS 0537-286 mean 3.10 44938 1.40

0114090101
0206350101

1ES 0836+710 0112620101 2.17 236705 10.08
TXS 0222+185 mean 2.69 528277 6.80

0150180101
0690900101
0690900201

PKS 0528+134 mean 2.06 18051 0.88
0600121401
0600121501
0401700601
0103060701

In section 4.6, as part of robustness testing, we use a sub-sample of 7 XMM-Newton

spectra (Table 4.2). The XMM-Newton European Photon Imaging Camera-pn

(Strüder et al., 2001) spectra were obtained in timing mode, using the thin filter.

Data reduction, including background subtraction, was done with the Science Ana-

lysis System (SAS2, version 19.1.0) following the standard procedure to obtain the

spectra.

While we fit 7 BL Lac, in our analysis of IGM parameters such as the Nhxigm

redshift relation, we use only FSRQ and omit BL Lac. FSRQ are more powerful

and therefore more likely to sweep out any host absorbers. Further, their spectra

have less intrinsic features which may be degenerate with potential IGM absorption

curvature.

We use xspec version 12.11.1 for all our fitting (Arnaud, 1996). We use the C-
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statistic (Cash, 1979) (Cstat in xspec). The common practice of rebinning data

to use a χ2 statistic results in loss of energy resolution. The maximum likelihood

C-statistic, based on the Poisson likelihood, does not suffer from these issues. For

a spectrum with many counts per bin C-statistic → χ2, but where the number of

counts per bin is small, the value for C-statistic can be substantially smaller than

the χ2 value (Kaastra, 2017).

Given we are studying the IGM with X-ray spectra, we can expect some degen-

eracies between the parameters. Therefore, there may be several local probability

maxima with multiple, separate, adequate solutions. In these circumstances, the

local optimisation algorithms like the Levenberg- Marquardt cannot identify them

or jump from one local maximum to the other. Given the issues of goodness of

fit and getting out of local probability maxima, we follow the same method as

D21, and use a combination of the xspec steppar function, and confirmation

with Markov chain Monte Carlo (MCMC) to validate our fitting and to provide

confidence intervals on Cstat.

Approximating a χ2 criterion, we follow the approach that a reduction of Cstat>

2.71, > 4.6, and > 6.25 for one, two and three additional interesting parameters

corresponds to 90% significance (Reeves and Turner, 2000; Ricci et al., 2017). We

follow this method in Section 4.5 when fitting continuum only models and full

models with an IGM absorption component.

As the bulk of matter in the IGM is ionised and exists outside of gravitationally

bound structures (apart from the CGM), in this paper we use a homogeneity as-

sumption. We use blazars that have LOS orders of magnitude greater than the

large scale structure.

4.4 Models for the Blazar LOS

In this section we describe the motivation and expected physical conditions in the

IGM that lead to our choice of models, the priors and parameter ranges. We
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also describe the models and reasoning used for fitting the intrinsic spectra of the

blazars.

4.4.1 Galactic absorption

For Galactic absorption (NhxGal), we use tbabs (Wilms et al., 2000, hereafter

W00) fixed to the values based on Willingale et al. (2013) i.e. estimated using

21 cm radio emission maps from (Kalberla et al., 2005) , including a molecular

hydrogen column density component. tbabs calculates the cross-section for X-

ray absorption by the ISM as the sum of the cross sections for the gas, grain and

molecules in the ISM. Asplund et al. (2009) is generally regarded as providing the

most accurate solar abundances, though this has been updated by Asplund et al.

(2021). However, we used the solar abundances from W00 which take into account

dust and H2 in the interstellar medium in galaxies. Below 1 keV, N, O, and Ne are

the dominant absorption features.

4.4.2 Continuum model

In the energy range we are studying for the main sample (0.3-10 keV), blazar

spectra typically show curvature in soft X-ray. A log-parabolic spectrum (logpar

in xspec) can be produced by a log-parabolic distribution of relativistic particles

(Paggi et al., 2009). This curved continuum shape could also arise from a power-law

particle distribution with a cooled high energy tail (Furniss et al., 2013).

Similarly, a broken power law intrinsic curvature can be interpreted as relativistic

electrons in the jet following a broken power law energy distribution with a low

energy cut-off, or an inefficient radiative cooling of lower energy electrons producing

few synchrotron photons (Gianńı et al., 2011).

Given that it is very difficult to determine whether spectral softening is caused

by absorption or is intrinsic to the blazar emission, we adopted a conservative

approach. We first fitted our full sample spectra with three different power laws:
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Figure 4.1: Intrinsic models with Galactic absorption only, in the energy range 0.3
- 2.0keV (Swift spectra extend to 10keV), simple power law (red), log-parabolic
(green) and broken power law (blue). Below 1 keV, N, O, and Ne are the dominant
absorption features.

simple power law, log-parabolic and broken power law. For all our sample, both

log-parabolic and broken power laws provided better fits than the simple power

law. We noted the best fit model and then proceeded to add an ionised absorption

component to represent potential IGM absorption where we compare the Cstat

results of the full models with the continuum only results. Fig 4.1 shows the impact

of using the three different continuum power law models on intrinsic curvature with

absorption assumed only from our Galaxy.

4.4.3 Ionised IGM

In earlier studies which examined the hypothesis of absorption causing the observed

soft X-ray spectral hardening, only an intrinsic host absorption or some discrete in-
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tervening neutral absorbers (DLAs, LLS, etc) were considered. However, in blazars

the host contribution is probably negligible, consistent with low levels of optical-UV

extinction observed (Paliya et al., 2016). Further, strong intervening absorption

by neutral absorbers (Nhi) is too rare in blazar LOS to account for the observed

curvature (e.g Elvis et al., 1994b; Cappi et al., 1997; Fabian et al., 2001; Page

et al., 2005). Therefore, we omit any absorption contribution from the blazar host

or low-column density intervening neutral Lyman absorbers (log(Nhi) < 21) in our

models. If there is a large known intervening absorber such as a galaxy (e.g. PKS

1830-211) or substantial DLA with log(Nhi/cm−2) > 21 then it was included in the

model using xspec ztbabs placed at the redshift of the intervening object. We

note that it is possible that further unidentified individual strong absorbers may

exist on the LOS to our sample which would then be included in the integrated

Nhxigm derived from the fits.

D21 examined different ionisation models to represent diffuse IGM absorption in-

cluding collisional ionised equilibrium models (CIE): hotabs (Kallman et al., 2009),

ioneq (Gatuzz et al., 2015) and absori (Done et al., 1992), and photionisation

equilibrim (PIE) model warmabs (Kallman et al., 2009). Absori allows one to

have both ionisation parameter and temperature as free parameters which would

not occur in either pure PIE or CIE (Done, 2010). In order to compare with CIE

models, D21 froze the ionisation parameter leaving temperature as a free parameter

required for CIE scenarios. In earlier works on using tracers such as GRBs and

blazars for IGM absorption, absori was generally used (e.g. Bottacini et al., 2010;

Behar et al., 2011; Starling et al., 2013, A18). While absori was the best model

available when it was developed in 1992, it is not self-consistent, and is limited to

10 metals, all of which are fixed at solar metallicity except Fe (Done et al., 1992).

D21 concluded that warmabs and hotabs are the most sophisticated of these

models currently available, and the MCMC integrated probability plots were the

most consistent with the steppar results. We followed their methodology for the

modelling the IGM absorption. Initially, we fitted a sub-sample of 20 blazars with
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both PIE and CIE absorption separately as extreme scenarios where all the IGM

absorption is either in the CIE or PIE phase. Consistently with D21, we found

that similar results were obtained for both models and that it is not possible to

conclude whether PIE or CIE is the better single model for the IGM at all red-

shift, though a combination is the most physically plausible scenario. Given the

fact that similar results are obtained for both PIE and CIE models, we proceeded

only with fitting CIE model hotabs. Therefore, the full models for each blazar

in xspec language are (with the addition of ztbabs for known intervening objects):

tbabs*hotabs*logpar

or

tbabs*hotabs*bknpo

We model the IGM assuming a thin uniform plane parallel slab geometry in thermal

and ionisation equilibrium. This simple approximation is generally used for a ho-

mogeneous medium (e.g. Savage et al., 2014; Nicastro et al., 2017; Khabibullin and

Churazov, 2019; Lehner et al., 2019). This slab is placed at half the blazar red-

shift as an approximation of the full LOS medium. The parameters ranges that

were applied to the CIE models are taken from D21 and summarised in Table 4.3.

We follow the same methodology as D21 in using hotabs and the IGM parameter

range for IGM density, temperature and metallicity. D21 provides detail on hotabs

which calculates the absorption due to neutral and all ionised species of elements

with atomic number Z ≤ 30. Further, D21 clarifies that the fitting method uses

the continuum total absorption to model plasma as opposed to fitting individual

line absorption as the required resolution is not available currently in X-ray. As

we are modelling and fitting the continuum curvature and not specific lines or

edges specifically, scope for degeneracy occurs. In the D21 Supplementary mater-

ial, transmission figures are gives to show the impact of changes in temperature,
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Figure 4.2: Model components for the LOS absorption to a blazar using a log-
parabolic power law, hotabs for IGM CIE absorption in the energy range 0.3
- 2.0keV (Swift spectra extend to 10keV). The model example is for a blazar at
redshift z = 2.69, with log(Nhxigm/cm−2) = 22.28, [X/H] = −1.59, and log(T/K) =
6.2 for the IGM, log(Nhx/cm−2) = 21.2 for our Galaxy. The IGM CIE absorption
curve is green, our Galaxy red and the total absorption from both components is
the blue curve.

metallicity and redshift. In the cool IGM phases, typical metallicity is observed to

be −4 < [X/H] < −2 (e.g. Schaye et al., 2003; Simcoe et al., 2004; Aguirre et al.,

2008). In the warmer phases including the WHIM, the metallicity has been ob-

served to be higher [X/H] ∼ −1 (e.g. Danforth et al., 2016; Pratt et al., 2018). As

we are modelling the LOS through the cool, warm and hot diffuse IGM, we will set

the xspec metallicity parameter range following D21 as −4 < [X/H] < −0.7.

Fig. 4.2 shows an example of the model components for the full LOS using hotabs

for IGM CIE absorption. The model example assumes a blazar at redshift z = 2.69

using a log-parabolic power law, hotabs for CIE IGM absorption, log(Nhxigm/cm−2) =

22.28, [X/H] = −1.59, and log(T/K) = 6.2 for the IGM, and log(Nhx/cm−2) = 21.2
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Table 4.3: Upper and lower limits for the free parameters in the IGM models. Con-
tinuum parameters were also free parameters. The fixed parameters are Galactic
log(Nhx), the IGM slab at half the blazar redshift, and any known intervening
object log(Nhx).

IGM parameter range in xspec models

column density 19 ≤ log(Nhx/cm−2) ≤ 23
temperature 4 ≤ log(T/K) ≤ 8
metallicity −4 ≤ [X/H] ≤ −0.7

for our Galaxy. The IGM CIE absorption curve is green, our Galaxy red and the

total absorption from both components is the blue curve. In the model, the ab-

sorption lines are clearly visible. However, we would expect that these lines would

not be detected due to instrument limitations and being smeared out over a large

redshift range.

4.5 Spectral analysis results

In Section 4.5, we firstly discuss the impact of using different intrinsic blazar con-

tinuum models in Section 4.5.1, then give the results for IGM parameters for the

full sample using the CIE IGM absorption model in Section 4.5.2. All spectral fits

incude tbabs for Galactic absorption.

4.5.1 Spectra fit improvements from alternative continuum models and

IGM component

We show the fit results in Fig.4.3 for J013126-100931 at redshift z = 3.51 as an

example of typical results. We initially fitted a simple power law. The left panel

in Fig. 4.3 shows residuals at low energy with a Cstat of 273.24 for 330 degrees

of freedom (dof). We then tried both a log-parabolic and broken power law. The

middle panel shows the fit with a broken power law which had a better result than

both log-parabolic or simple power law, Cstat/dof = 262.88/328. An improved

fit at soft energy can be seen. We then added a variable CIE IGM component to
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Figure 4.3: Impact of using different intrinsic curvature models and additional
IGM absorption components for blazar J013126-100931. All fits include Galactic
absorption. The left panel is a simple power law. The middle panel is with a broken
power law. The right panel is a broken power law with a CIE IGM absorption
component.

Figure 4.4: The left and right panels show the MCMC integrated probability res-
ults for J013126-100931 for Nhxigm with temperature and broken power law (low
energy) respectively. The red, grey and blue contours represent 68%, 90% and 95%
confidence ranges for the two parameters respectively. On the y-axis in the left
panel T4 means the log of the temperature is in units of 104 K.

the broken power law while allowing the intrinsic parameters to also vary shown

in the right panel of Fig.4.3. The spectral fit is improved compared with the

Galactic absorbed broken law only model, with less low energy residual, Cstat/dof

= 256.98/326. Fig. 4.4 left and right panels show the MCMC integrated probability

results for Nhxigm with temperature and broken power law index (low energy)

respectively. The red, grey and blue contours represent 68%, 90% and 95% ranges

for the two parameters respectively. On the y-axis left panel, log(T4/K) means

that 0 is log(T/K) = 4. The contours in both plots and particularly Nhxigm and

the low energy power law provide reasonably tight ranges of parameter results at

2σ (95% confidence).
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Figure 4.5: Results for the IGM Nhx parameter and redshift using the CIE
(hotabs) model. The error bars are reported with a 90% confidence interval.
The green line is the simple IGM model using a mean IGM density. Left panel is
Nhx and redshift selecting best Cstat results from the different power law intrinsic
models. Right panel is the full sample with the IGM component and a log-parabolic
power law only (best fit for 26/40).

4.5.2 IGM parameter results using a CIE IGM model

We now give the results for IGM parameters based on fitting the full sample of 40

blazars using hotabs for CIE IGM (Table 4.4). The IGM Nhx, metallicity and

temperature parameters are all free, as are the power law parameters. The error

bars for all fits are reported with a 90% confidence interval. In the plots of Nhx

and redshift, the green line is the mean hydrogen density of the IGM based on the

simple model used in D20 and references therein (e.g. Starling et al., 2013; Shull

and Danforth, 2018).

Nhxigm =
n0c
H0

∫ z

0

(1 + z)2dz

[ΩM(1 + z)3 + ΩΛ]
1
2

(4.1)

where n0 is the hydrogen density at redshift zero, taken as 1.7 × 10−7 cm−3 (Behar

et al., 2011). This value is based on 90% of the baryons being in the IGM. When

giving results for the mean hydrogen density at z = 0 (n0), they are derived by

rearranging equation 4.1 to give n0. We then used our results for Nhxigm and

actual redshift for each blazar to get their equivalent n0. Finally, we took the mean

of our full sample and the standard error.

We note that in all cases, the addition of the absorption component improved the
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Cstat fit for all blazars in our sample indicating that the addition of the absorption

component is required in the model. Overall, the best fit Cstat results were achieved

using the IGM component with a log-parabolic power law (26/40 spectra). Only

6 blazars out of the sample with z > 1 (23), had a better fit with a broken power

law. The continuum model fit favouring a log-parabolic or broken power law over a

simple power law is consistent with prior studies (e.g. Bhatta et al., 2018; Sahakyan

et al., 2020; Gaur, 2020, A18). Modelling the IGM using hotabs for CIE with

parameters Nhxigm, Z and T free, results in Nhxigm showing similar values and

trend with redshift as the mean IGM density model. In Fig.4.5 left panel, we show

the results for Nhxigm and redshift selecting the best fits from both log-parabolic

and broken law (none were better with a simple power law). The right panel of

Fig.4.5 are the results using the log-parabolic power law with the IGM component

for comparison. Due to the differences between FSRQ (33/40 in our sample, blue)

and BL Lac (red), we have plotted both categories coloured separately.

Based on best fit results, a power law fit to the Nhxigm versus redshift trend for

the FSRQ objects scales as (1 + z)1.8±0.2, reduced χ2 = 1.69, (p-value = 0.0011,

root mean square (rms) = 0.39). However, given that the FSRQ sample redshift

includes blazars as low as z = 0.31, a linear χ2 fit is not appropriate as can be

seen from the simple IGM curve. The mean hydrogen density using equation 4.1

at z = 0 from the FSRQ sample is n0 = (3.2 ± 0.5) × 10−7 cm−3. This is higher

than the value of 1.7× 10−7 cm−3 for the simple IGM model (green line in Fig 4.5).

Taking a sub-sample of FSRQ with z > 1.6, similar to the GRB sample in D21,

gives n0 = (2.1 ± 0.2) × 10−7 cm−3. While noting that many of the error bars are

large, jointly the blazars would support any model that is proximate to the χ2 fit

which includes the mean IGM density curve. At low redshift, several blazars have

higher Nhxigm than the simple IGM model. This may be evidence of the CGM in

both our Galaxy and the host galaxy providing a minimum column density. While

there is no observed significant evolution in neutral hydrogen column density in the

CGM, there is evidence of evolution in total hydrogen column density including
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Figure 4.6: Results for the IGM parameters and redshift using the CIE (hotabs)
model best fit results from the various models. The error bars are reported with
a 90% confidence interval. Left panel is temperature and redshift and right panel
is the [X/H] and redshift. We do not include a χ2 curve in the plots as the fit was
poor due to a large scatter.

the partially ionised hydrogen column (Fumagalli et al., 2016; Lehner et al., 2016).

Models incorporating more advanced modelling for a warm/hot CGM component

are needed to explore the relative contribution of the IGM and the host CGM to

the observed absorption in blazars and GRBs (D21). Das et al. (2021) claim to

have detected three distinct phases in our Galaxy CGM, with a hot phase having

log(T/K) ∼ 7.5 and log(Nhx/cm−2) ∼ 21. The BL Lacs dominate the sample at

very low redshift and the majority appear to have high Nhxigm although with

large error bars. This could be due to the overall model incorrectly describing the

BL Lac spectra. The 4 BL Lac objects that most exceed the simple IGM curve

are all high energy peaked blazars, known as HBLs. These objects have their peak

synchrotron humps at energies that can appear in soft X-ray. Therefore, we have

excluded the BL Lac in our derivation of the mean hydrogen density at z = 0 and

the χ2 fit for Nhxigm versus redshift trend.

There is a large range in the fitted temperature 5.0 < log(T/K) < 8.0, many with

substantial error bars in Fig.4.6 left panel. The mean temperature over the full

redshift range is log(T/K) = 6.1 ± 0.1. These values are consistent with the gener-

ally accepted WHIM. There is no apparent relation of temperature with redshift.

It should be noted, however, that the fits are for the integrated LOS and not rep-
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resentative of any individual absorber temperature. Further, at high redshift, it is

possible that the IGM comprises a cooler diffuse gas which is contributing to the

absorption but not captured in this CIE model.

The right panel of Fig.4.6 shows no apparent relation of [X/H] with redshift. The

mean metallicity over the full redshift range is [X/H] = −1.62 ± 0.04. Metallicity

ranges from approximately [X/H] − 0.7 (0.2Z⊙) to [X/H] − 3 (0.001Z⊙) with one

outlier. This is the BL Lac Mrk 501 at z = 0.03. The initial fitting went to the

upper metallicity limit of [X/H] < −0.7. We increased the upper limit to solar and

the best fit was with [X/H] = −0.08 (0.8Z⊙). Our model may not be appropriate

for this object.

In conclusion, with the caveats of low X-ray resolution, a CIE IGM component

only and the slab model to represent to full LOS, there are reasonable grounds for

arguing that the CIE model using hotabs is plausible for modelling the warm/hot

component of the IGM at all redshifts. In all fits, the Cstat was better than best

fits for models with only Galactic absorption. Our CIE IGM component had three

free parameters, Nhxigm, temperature and [X/H]. There is scope for degeneracy

as we model the continuum curvature and not specific absorption features as set

out in Section 4.4 and D21. While there was a large range in Cstat improvements

across the sample, the average Cstat improvement for the full sample per free

IGM parameter was 3.9, with 20 out of 40 blazars exceeding ∆Cstat> 6.25 for

three interesting parameters. The model using a log-parabolic continuum model

with a CIE IGM absorption appears to be more consistent with the simple IGM

curve than the selected best fits from both log-parabolic and broken power laws.

Overall, the results for Nhxigm using either a log-parabolic or broken power law

are statistically indistinguishable indicating that IGM component is independent.

Our temperature and metallicity results are consistent with the expected values

from simulations for a warm/hot phase. However, as noted in Section 4.4, initial

trials with a warm photionised IGM component gave similar results to a collisional

ionised model. It is most likely that a combined model would be more physical,
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Figure 4.7: Testing for possible relation between Nhxigm and flux variability or
spectral slope for four individual observations from the sub-sample of eight blazars.
Objects are colour-coded to enable comparison of individual blazar results as well as
overall possible relations. Left panel is Nhxigm and flux variability given as count
rate over mean count rate . Right panel is Nhxigm and individual log-parabolic
power law/ mean power law index for each object. The error bars are reported
with a 90% confidence interval.

but testing this requires better data. We now test the robustness of the results

in Section 4.6 and discuss the results further and compare with other studies in

Section 4.8.

4.6 Tests for robustness of IGM parameter results

There are several alternative potential explanations for the curvature seen in blazar

spectra which may not be partly or wholly attributable to IGM absorption. Nhxigm

can be degenerate to some degree with spectral slope i.e. a harder spectrum slope

can mimic higher Nhxigm and vice versa. Further, blazars can be highly variable

in flux and spectral slope. Finally, some fits were nearly indistinguishable in terms

of visual spectra ratio and/or Cstat i.e. there may be a concern about an a priori

assumption of IGM absorption. Accordingly, we examine our results from a number

of perspectives to test their robustness.
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4.6.1 Flux variability

Blazars are known to have spectral variability (associated with flux variability).

The physical causes of such variability can involve many processes, such as particle

acceleration, injection, cooling, and escape, which contain a number of known and

unknown physical parameters (Gaur, 2020). Also, a local absorber at the host

can show variability, while an IGM absorber should not. An absorber that shows

variability within a reasonable short time-frame cannot be on intergalactic length

scales, and must therefore be attributed to the host, or to intrinsic variability of

the source (Haim et al., 2019).

As noted in Section 4.3, we use co-added blazar spectra. To test for possible absorp-

tion variability and/or a relation between flux and spectral hardening, we selected

a sub-sample of 8 blazars with a redshift range 0.86 ≤ z ≤ 3.26 as representative of

the full sample. For each, we selected four different individual observations taken

at different dates, with high counts but which showed different flux rates to the

mean co-added rate. We used the log-parabolic model for all 8 blazars. Table 4.5

in the Appendix chapter 4 reports the Observation ID, count rate over the mean

count rate, Nhxigm and log-parabolic power law over the mean power law for each

blazar observation.

In Fig. 4.7 left panel, we can see that there is no apparent relation between Nhxigm

and flux across all the observations, with a χ2 fit slope approximating zero (−0.09±

0.05). The blazars are individually colour-coded and there is no obvious relation

between Nhxigm and flux for any individual blazar apart from possibly 4C 38.41.

From Table 4.5, we can see that all the individual results for Nhxigm are consistent

with the mean result within the errors for each blazar.

4.6.2 Column density and spectral slope degeneracy

Given the scope for degeneracy between Nhxigm and spectral hardening, for the

sub-sample of 8 blazars we checked for any relation between these two parameters
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using the same four individual observations for each. As previously noted, due to

the large variability frequently observed in blazars, non-simultaneous observations

are expected to show different states of the object. Therefore, the log-parabolic

parameters and normalizations were allowed free to vary. In Fig. 4.7 right panel,

we show the Nhxigm using log-parabolic power law for all fits for the individual

observations. There is no apparent relation between column density and power law

indices with a χ2 slope fit of 0.10 ± 0.06. We again colour code each blazar and

there is no apparent relation between Nhxigm and power law index variability for

any individual object.

Overall, our results are consistent with other studies (e.g. Haim et al., 2019, A18)

which tested for a fixed absorber and noted that it did not change significantly

across different observational times.

4.6.3 XMM-Newton spectra comparison

XMM − Newton has excellent low energy response down to 0.15 keV, extreme sens-

itivity to extended emission, and large effective area facilitating analysis of the

soft X-ray properties. We continued our robustness tests using XMM-Newton PN

spectra for the same sub-sample of blazars with the exception of 4C 38.41 which

was not available. We used the log-parabolic power law again with the CIE IGM

component. We chose a selection of both individual spectra and co-added spectra

as given in Table 4.2. We used the same energy range as Swift for consistent com-

parison (0.3 - 10 keV). We also separately fitted our model to an extended energy

range of 0.16 - 13 keV given the excellent sensitivity of XMM-Newton over this

range.

Table 4.6 in the Appendix reports the redshift, and Nhxigm for Swift 0.3-10keV,

XMM-Newton 0.3-10keV and 0.16-13keV respectively for each blazar. The values

for Nhxigm are consistent for each blazar within the errors. Fig. 4.8 left panel,

shows Nhxigm for Swift and both XMM-Newton fits for each blazar. To enable the
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Figure 4.8: Comparing Nhxigm and redshift results for Swift (blue), XMM-Newton
(0.3-10keV)(red) and (0.16-13keV)(orange) from a sub-sample of seven blazars (var-
ied slightly on the left panel x-axis to enable error bar visibility). Left panel is
Nhxigm and redshift. The green line is the simple IGM model using a mean IGM
density. Right panel is Nhxigm for XMM-Newton on the x-axis (varied marginally
for visibility) and Swift 0.3-10keV (blue) and 0.16-13keV (red) on the y-axis. The
error bars are reported with a 90% confidence interval. The black line in the right
panel is parity.

error bars to be separately visible, we have very slightly changed the redshift of the

three spectra for each object. All Nhxigm are proximate to the simple IGM curve.

We also plot the best χ2 fit for the Swift and both XMM-Newton energy ranges.

The slopes of both the XMM-Newton fits are very similar with 0.3-10 keV being

2.3±1.0 and 0.16-13 keV being 2.3±0.4 . The slope of the χ2 fit for Swift is slightly

less at 1.6±0.7. Overall, within the errors, the Swift and both XMM-Newton results

are consistent.

In Fig. 4.8 right panel, we plot Nhxigm for Swift on the x-axis and XMM-Newton

0.3-10keV (blue) and 0.16-13keV (red) on the y-axis The black line in the right

panel is parity. We have varied the Swift Nhxigm marginally to enable error bar

visibility. All Swift and XMM-Newton data-points are proximate to the black parity

line, with the possible exception of 3C 454.3 which has a reasonably higher Nhxigm

with Swift than XMM-Newton 0.3-10keV, but consistent within the errors.

Fig. 4.9 show the MCMC integrated probability results for PKS0528+134 as a

typical example of results for Nhxigm and log-parabolic power law for Swift and

XMM-Newton 0.3-10keV respectively. While the Nhxigm best fit result is similar
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Figure 4.9: The left and right panels show the MCMC integrated probability res-
ults for PKS 0528+134 Nhxigm and log-parabolic power law indices for Swift and
XMM-Newton 0.3-10keV respectively. The red, grey and blue contours represent
68%, 90% and 95% ranges.

for both, due to the high resolution of XMM-Newton, the contours are much tighter.

Overall, our investigations demonstrate that our results are consistent for observa-

tions by both Swift and XMM-Newton. Further, they reinforce the findings from

4.6.2 that the IGM absorption results do not vary on a temporal basis.

4.6.4 Bulk Comptonisation

Some blazar spectra have a hump feature at soft X-rays, whose origin is still de-

bated. Bulk Comptonisation (BC) has been suggested as an explanation where

cold electrons could up-scatter cooler extreme ultraviolet photons from the disk

and/or BLR to soft X-ray energies (e.g Sikora et al., 1994; Celotti et al., 2007).

This BC related excess emission over the blazar continuum would appear as a hump

in soft X-ray. Depending on the energy peak of this hump, it could mimic or mask

absorption. If the the hump were to be in the region of ∼ 3 keV, the apparent defi-

cit at softer energies can mimic absorption (Kammoun et al., 2018, and references

therein). This possible BC related feature has been modelled using a blackbody as

a phenomenological representation (e.g Ricci et al., 2017).

Fig. 4.10 shows the spectrum of 3C 279 as an example of a FSRQ showing a second

hump in soft X-ray where adding a blackbody component significantly improved
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Figure 4.10: 3C 279 as an example of FSRQ spectrum showing second hump in
soft X-ray. All fits are with a broken power law, the best intrinsic curvature.
The left panel is with an IGM component. The middle panel is with a blackbody
component. The right panel is with both an IGM absorption component and a
blackbody.

the Cstat fit. All fits are with a broken power law which provided the best intrinsic

curvature fit. The left panel is with an IGM component (Cstat 992.1/933). The

middle panel is with no IGM but an additional blackbody emission component

(Cstat 917.06/934), where a slight visual improvement in fit can be seen at ∼

0.6 keV. The right panel is with both an IGM and blackbody component (Cstat

916.03/931).

10 out of 40 in our blazar sample had a second soft X-ray hump where the Cstat

was similar for both an IGM or blackbody component, and showed an improve-

ment in Cstat with both components included. There was a large range in Cstat

improvement for the model with both the IGM and blackbody components for the

10 blazars, with the average Cstat improvement per additional free blackbody para-

meter being 8.3, and 8 out of 10 blazars exceeding ∆Cstat> 4.6 for two interesting

parameters.

In 8/10, there was a reduction in Nhxigm in the combined IGM and BC model

ranging up to one dex. 2/10 objects showed increased Nhxigm from 100%− 180%.

Given this large impact on Nhxigm, we replotted the Nhxigm redshift relation

omitting the 10 blazars possibly impacted by a BC component. In Fig. 4.11, we

can see the clear Nhxigm redshift relation remains. In fact the power law fit to

the Nhxigm versus redshift trend for the FSRQ objects scales as (1 + z)2.4±0.2 (p-

value = 0.01, rms = 0.36) compared to (1 + z)1.8±0.2 from the full sample (Section
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Figure 4.11: Results for the IGM Nhx parameter and redshift omitting the 10
blazars where adding a bulk Comptonisation component improved the fit. The
error bars are reported with a 90% confidence interval. The green line is the simple
IGM model using a mean IGM density.

4.5). The hydrogen equivalent density at z = 0 is similar at n0 = (3.5 ± 0.7) × 10−7

cm−3. Without the BC component, 5/10 favoured a log-parabloic power law over

a broken power law. When the blackbody component was added, this changed to

9/10 favouring a broken power law.

Based on our investigations, it appears possible that in some cases BC could

mimic absorption. On the other hand, depending on where the energy peak of

the blackbody-like feature occurs, it could also mask actual absorption, appearing

as an excess at soft X-ray. BC itself is still not generally accepted as the cause

of this feature. The majority of our sample show improved fit statistics for an

IGM component. Further, the clear Nhxigm redshift relation remains with the BC

impacted blazars removed from the sample.
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Figure 4.12: Results for the IGM Nhx parameter and redshift using the combined
GRB sample from D21 (purple) and our Blazar sample (FSRQ - blue and BL Lac
- red) using the CIE (hotabs) model. The blue and purple lines are χ2 fits to
the respective FSRQ and GRB samples. The error bars are reported with a 90%
confidence interval. The green line is the simple IGM model using a mean IGM
density. Left panel is Nhx and redshift selecting best Cstat results for blazars from
all three power law intrinsic models. Right panel is the full sample with the IGM
component and a log-parabolic power law only (best fit for 26/40) for blazars.

4.7 Combined Blazar and GRB sample analysis

In this section, we combine the GRB sample from D21 with our full Swift blazar

sample in a multiple tracer analysis across a redshift range 0.03 ≤ z ≤ 6.3. In

this paper, we used D21 results from their fits using hotabs for CIE IGM for

consistency. D21 isolated the IGM LOS contribution to the total absorption for the

GRBs by assuming that the GRB host absorption was equal to ionised corrected

intrinsic neutral column estimated from the Lyα host absorption. They used a

realistic host metallicity, dust corrected where available, in generating the host

absorption model.

As can be seen in Fig. 4.12, our results for blazars for a power law fit to the Nhxigm

versus redshift trend scaling as (1 + z)1.8±0.2 (best cstat fit) is consistent with the

GRBs in D21 which scale as (1 + z)1.9±0.2 over the extended redshift. In Fig. 4.12

left panel, we use the best Cstat fit results for blazars and in the right panel the

log-parabolic only continuum results, in combination with the D21 GRB sample.

The slopes of the χ2 fits for GRB and blazar best cstat Nhxigm versus redshift are
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aligned, but the slope for the blazars using log-parabolic continuum power law in

combination with the GRBs slightly better traces the simple IGM density curve

over the full redshift.

The mean hydrogen density at z = 0 from the combined GRB and blazar samples

is n0 = (2.2±0.1)×10−7 cm−3. This is marginally higher than the value of 1.7×10−7

cm−3 for the simple IGM model (green line in Fig 4.12) and for the GRB only sample

in D21 n0 = (1.8 ± 0.1) × 10−7 cm−3. In section 4.5, we reported the mean hydrogen

density at z = 0 from the blazar FSRQ sample as n0 = (3.2 ± 0.5) × 10−7 cm−3. A

possible explanation may be due to our assumption that there is no absorption in

the blazar host due to the relativistic jet. In D21, it was also apparent that the

lower redshift GRBs appeared to have higher Nhxigm that the simple IGM curve.

As speculated in Section 4.5.2, this may be a sign of CGM absorption from a hot

phase as proposed by (Das et al., 2021). At higher redshift, the IGM contribution

to Nhxigm dominates any host contribution.

In Fig. 4.13, we show the combined GRB and blazar sample results for IGM

temperature and metallicity. In the left panel, we can see that there is no detectable

overall trend with redshift. Some objects in the blazar sample, appear to have

a higher maximum temperature than the GRB sample, up to log(T/K) ∼ 7.5.

Das et al. (2021) have indicated that the Galaxy hot phase has a temperature of

log(T/K) ∼ 7.5. The mean temperature over the full redshift range for the combined

samples is log(T/K) = 6.2 ± 0.1 under the assumption of a CIE scenario.

In Fig. 4.13 right panel, we can see the IGM metallicity results for the combined

GRB and blazar sample for 0.9 ≤ z ≤ 7. We omitted blazars with z < 0.9 as they

showed very large scatter in best fitted metallicity and with substantial errors.

There appears to be a possible relation with redshift scaling as (1+z)−2.9±0.5 (orange

χ2 line). The reduced χ2 is 1.9, with a p-value = 0.00014 and rms = 0.60, indicating

a modestly statistical relation. Visually, the metallicity redshift relation, if any,

is not clear, or may indicate that a linear model may not be appropriate. For

the GRB only sample, D21 reported a power law fit to the [X/H] and redshift
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Figure 4.13: IGM parameter results using the combined GRB sample from D21
(purple) and our Blazar sample (blue). The error bars are reported with a 90%
confidence interval. Left panel is temperature and redshift and right panel is the
[X/H] and redshift. We do not include a χ2 curve in the temperature plot as
the fit was poor due to a large scatter. In the right panel, we show GRB and
blazar combined χ2 curve for z > 0.9 showing a possible redshift relation above this
redshift.

trend as (1 + z)−5.2±1.0, ranging from [X/H] = −1 (Z = 0.1Z⊙) at z ∼ 2 to [X/H]

∼ −3 (Z = 0.001Z⊙) at high redshift z > 4. They speculated that at low redshift,

the higher metallicity warm-hot phase is dominant with Z ∼ 0.1Z⊙, while at higher

redshift the low metallicity IGM away from knots and filaments is dominant. In

the combined blazar and GRB sample for z > 0.9, the possible redshift metallicity

relation is less pronounced. While there is a large range in the lower error bars,

some of the blazars at lower redshift have upper metallicity error bars approaching

our upper limit of [X/H] = −0.7.

Overall, the IGM parameter results from our blazar sample are consistent with the

GRB sample from D21. Therefore, the combined sample gives improved robustness

to our reported results for the IGM.

4.8 Discussion and comparison with other studies

The cause of spectral flattening seen in blazar spectra has been the subject of study

and debate for some time. In early works, a cold local host absorber received favour

(e.g. Cappi et al., 1997). Due to the low levels of optical-UV extinction seen in such
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blazars (e.g Elvis et al., 1994b; Sikora et al., 1994), subsequent studies favoured an

intrinsic curvature explanation with models including log-parabolic, broken power

law and variations on this. We accommodated this element of intrinsic curvature by

fitting our sample with best fit from a simple power law, log-parabolic and broken

power law. Further, when adding the IGM component, we allowed all parameters

to vary. In Section 4.6, we explored any possible relation between IGM absorption

and both spectral flux and power-law hardening. No such relation was apparent.

Several studies have tentatively explored absorption scenarios, either neutral or a

warm absorption component, as a minor part of their work, typically placing the

absorber at the blazar redshift (e.g. Bottacini et al., 2010; Paliya et al., 2016; Ricci

et al., 2017; Marcotulli et al., 2020; Haim et al., 2019). Bottacini et al. (2010)

found they could not constrain their photo-ionised model parameter better than

an upper limit. They used absori which is not as sophisticated as warmabs, the

photo-ionised equivalent of our CIE model using hotabs. However, they reported

that they found no evidence of absorption variability, consistent with our results.

Ricci et al. (2017) used zxipcf, a photoionisation model to test a scenario of a

warm absorber in the blazar host with metallicity fixed to solar. They found that

only a small number of fits improved with the added warm absorber component.

This differs from our model where we allow both metallicity and temperature to

vary, as solar metallicity is highly unlikely to occur in the diffuse IGM (e.g. Schaye

et al., 2003; Aguirre et al., 2008; Shull et al., 2012, 2014), and we place the absorber

at an intermediate redshift.

The relation between spectral flattening and redshift has been reported by several

authors (e.g. Yuan et al., 2006; Behar et al., 2011). The hypothesis of discrete

intervening absorbers (DLA, LLS, sLLS, etc) has been investigated to explain this

redshift relation (e.g. Wolf, 1987). Several studies concluded that the absorption

from such cool neutral intervening systems is rare and insufficient to be the cause

of observed spectral curvature (Gianńı et al., 2011, and references therein), leaving

the diffuse IGM as the alternative for non-localised intervening absorption.
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Arguments against intervening IGM absorption are that intrinsic curvature is present

in very low redshift blazars, or that absorption edges or lines are not observed

in such very low redshift blazars (Watson and Jakobsson, 2012, and references

therein), leading them to conclude that all the spectral flattening is due to intrinsic

curvature at all redshifts. In general, most studies are focused on the blazar engine

as the main or only cause of intrinsic curvature and leave out IGM absorption based

on lack of significantly improved statistical fits. We would argue that it is highly

likely that spectral curvature is due to a combination of both intrinsic factors as

well as absorption, particularly at soft X-ray, given our findings for Nhxigm and

the redshift relation. If the apparent absorption was actually intrinsic to the blaz-

ars, then there would have to be some explanation of the relation to redshift which

is absent.

Detection of the WHIM is proving very challenging due to very weak emission and

absorption. Nicastro et al. (2018) claim to have observed the WHIM in absorption.

However, with only 1 to 2 strong O vii absorbers predicted to exist per unit red-

shift, the column densities they report are an order of magnitude lower than the

simple IGM model, or the results for Nhxigm reported by D21. Our results for the

FSRQ sample Nhxigm are consistent with the simple IGM model, though we note

that many of the BL Lacs showed high Nhxigm. Haim et al. (2019) searched for

absorption lines as signals of localised IGM absorption in RBS 315 at z = 2.69, one

of the brightest FSRQ known. They could find no such line absorption and con-

cluded that, if blazar curvature is at least partly attributable to the IGM, it is not

localised but smeared over redshift, consistent with our hypothesis and findings.

A18 is, to our knowledge, the only previous study that was dedicated to exploring

the IGM as part of the cause of spectral flattening in blazar spectra, and to use

blazars to investigate IGM properties. They used an absori based xpec model

(igmabs) for the IGM absorption. They jointly fitted four blazars with IGM para-

meters of density, temperature and ionisation tied together. They reported that

excess absorption is the preferred explanation over intrinsic curvature and that it
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is related to redshift. They give an IGM average density of n0 = 1.0+0.53
−0.72×10−7 cm−3

and temperature log(T/K) = 6.45+0.51
−2.12. Some caveats to their results are based on

their solar metallicity assumption for the IGM and fixing the intrinsic power law

parameters for some of their sample, which they adopted due to computational lim-

its of their model which they noted would probably lead to upper limit measures

for the IGM. Taking account of these factors, their results are broadly consistent

with our results for IGM for n0 and T , but not for our mean IGM metallicity of

[X/H] = −1.62± 0.04 (∼ 0.02Z⊙). Their derived metallicity was ZIGM = 0.59+0.31
−0.42 Z⊙,

obtained from the ratio of their n0 ∼ 1 × 10−7 cm−3 result (based on solar metal-

licity) to the simple IGM model taken from (Behar et al., 2011) n0 = 1.7 × 10−7

cm−3. Campana et al. (2015) used simulations for intervening IGM absorption to

AGN and GRBs. For GRBs, they reported log(T/K) ∼ 5 − 7. To calculate the

metal column density of the intervening IGM material, 100 LOS to distant sources

were used through a 100h−1 comoving Mpc Adaptive Mesh Refinement cosmolo-

gical simulation (Pallottini et al., 2013). The contribution by each cell was summed,

with an absorbing column density weighted for its effective temperature dependent

value. Metallicity was obtained by requiring that only 1% of their GRB and AGN

sample fall below the simulated hydrogen column density redshift curve. Their

mean metallicity Z = 0.03Z⊙ is consistent with our results.

A18 combined their results for blazars with GRBs and AGN from other studies.

However, all those studies were based on the assumption that all absorption in

excess of our Galaxy was at the host redshift, neutral and at solar metallicity. Our

combined tracer results in Section 4.7 are more realistic as we use the GRBs from

D21 which more accurately isolate the IGM absorption assuming that the GRB

host absorption was equal to ionised corrected intrinsic neutral column estimated

from the Lyα host absorption. D21 also used more realistic host metallicity, dust

corrected where available in generating the host absorption model as opposed to

the conventional solar assumption.
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4.9 Conclusions

We used blazars as tracers of the IGM with the main aim to probe the key paramet-

ers of column density, metallicity and temperature using a sophisticated software

model for collisionally ionised plasma. We used co-added spectra from Swift for 40

blazars as our tracers with a redshift range of 0.03 ≤ z ≤ 4.7. Our focus is on FSRQ

blazars as they are available over a broad redshift range, and the rest-frame energy

distribution of FSRQs is strongly peaked at low frequencies, below soft X-ray, un-

like BL Lacs. We adopted a conservative approach to the blazar continuum model

and use three different intrinsic power law models. As blazars are thought to have

a kpc-scale relativistic jet on our line of sight, we excluded any host absorption

in our models. We fixed the Galactic absorption to known values and attributed

the excess to the IGM. We model the IGM assuming a thin uniform plane parallel

slab geometry in collisional ionisation equilibrium to represent a LOS through a

homogeneous isothermal medium. We used xspec fitting with both the CIE IGM

component and all power law parameters free to vary, and use steppar and MCMC

to generate best fits to the blazar spectra.

We subjected our results to a number of robustness tests using a sub-sample: com-

parison of individual observation fit results with our co-added spectra for possible

temporal absorption variability; testing for a relation between column density and

flux; investigating spectral slope degeneracy with column density; comparing res-

ults from using XMM-Newton with energy range 0.3-10 keV (as for Swift) and

0.16-13keV; and exploring the impact of using a blackbody like additional compon-

ent to represent bulk comptonisation which could mimic absorption.

Finally, we combined our sample with the GRB sample from D21 to report results

for an extended redshift range using the two different types of tracers.

Our main findings and conclusions are:

1. the best fit Cstat results for our blazar sample were achieved using an IGM
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component with a log-parabolic power law (26/40 spectra) and appear to be

more consistent with the simple model IGM curve than the selected best fits

from both log-parabolic and broken power law.

2. Using blazars to model the IGM as being in highly ionised collisional equilib-

rium with free parameters for density, temperature and metallicity (as well

as continnum parameters) appears to give plausible IGM property results. A

power law fit to Nhxigm versus redshift trend for the FSRQ objects scales as

(1 + z)1.8±0.2. The mean hydrogen density at z = 0 from the FSRQ sample is

n0 = (3.2 ± 0.5) × 10−7 cm−3, higher than the value of 1.7 × 10−7 cm−3 for the

simple IGM model (Fig 4.5). Nearly all blazar fits are proximate to both the

χ2 fit and mean IGM density curve.

3. At low redshift, several blazars have higher Nhxigm than the simple IGM

model. BL Lacs dominate the sample at very low redshift and the majority

appear have high fitted Nhxigm. This may be due to CGM absorption.

4. The IGM temperature range is 5.0 < log(T/K) < 8.0, with no apparent red-

shift relation in the Fig. 4.6 left panel. The mean temperature over the full

redshift range is log(T/K) = 6.1 ± 0.1. These values are consistent with the

generally accepted WHIM range indicating that very highly ionised metals

are plausible absorbers over the LOS.

5. The right panel of Fig. 4.6 shows no apparent relation of [X/H] with red-

shift (however, see Section 4.7 for possible metallicity redshift relation using

combined blazar and GRB samples). The mean metallicity over the full

redshift range is [X/H] = −1.62 ± 0.04 (Z ∼ 0.02). Metallicity ranges from

[X/H] = −0.7 (0.2Z⊙) to [X/H] = −3 (0.001Z⊙) with one outlier.

6. There was a large range in Cstat improvements across the sample, with the

average Cstat improvement per free IGM parameter of 3.9. In our models the

IGM contributes substantially to the total absorption seen in blazar spectra,
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and it rises with redshift. We provide evidence that a complete blazar model

should also account for absorption by intervening IGM material.

7. In Fig. 4.7 left panel, there is no apparent relation between Nhxigm and flux

across all the observations. All the individual results for Nhxigm for each

blazar are consistent with the mean result within the errors (Table 4.5).

8. There is no apparent relation between column density and power law index.

Further, there was no temporal variation in IGM parameter results per blazar

using observations over time.

9. For Swift 0.3-10 keV, XMM-Newton 0.3-10 keV and 0.16-13 keV respectively,

the values for Nhxigm using log-parabolic power laws are consistent for each

blazar within the errors. All Nhxigm are proximate to the simple IGM curve,

Fig. 4.8 left panel. The slopes of both the XMM-Newton energy ranges are

very similar. The slope of the χ2 fit for Swift is less steep but consistent

with XMM-Newton within the error. The XMM-Newton results reinforce the

findings that the IGM absorption results do not vary on a temporal basis.

10. Bulk Comptonisation has been proposed as a cause of the hump feature at

soft X-rays seen is some blazars. 10 out of 40 in our blazar sample had a

second soft X-ray hump where the Cstat was similar for both an IGM or

blackbody component. Based on our investigations, it appears possible that

in some cases, BC could mimic absorption. On the other hand, depending

on where the energy peak of the blackbody like feature occurs, it could also

mask actual absorption, appearing as an excess at soft X-ray. We found that

after omitting from the sample the blazars with possible BC, the Nhxigm

relation with redshift remains and the results are consistent with those from

our full sample.

11. Combining our blazar sample with the GRB sample from D21 gives consistent

results for the IGM properties over an extended redshift range from 0.03 ≤

z ≤ 6.3. The mean hydrogen density at z = 0 from the combined GRB and
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blazar samples is n0 = (2.2 ± 0.1) × 10−7 cm−3. This is marginally higher than

the value of 1.7 × 10−7 cm−3 for the simple IGM model, but lower than the

blazar only sample (n0 = (3.2± 0.1)× 10−7 cm−3), perhaps indicating that the

blazar relativisitc jet may not fully sweep out absorbing material in the host.

Our blazar model assumes there is no host absorption which may be true for

most FSRQ which are highly luminous, and hence probably more effective

in removing host absorbing gas, but for the less luminous BL Lacs this may

not completely happen. The mean temperature over the full redshift range

is log(T/K) = 6.1 ± 0.1, and the mean metallicity over the full redshift range

is [X/H] = −1.62 ± 0.04 (Z ∼ 0.02). These values are consistent with the

generally accepted WHIM range indicating that very highly ionised metals

are plausible absorbers over the LOS. There was no apparent temperature

redshift relation. However, we found a possible relation for metallicity and

redshift to be (1 + z)−2.9±0.5.

This study is based on observations of blazar X-ray spectra, and provides

results on the IGM parameters. The combination of blazars with the GRB

sample gives consistent and more robust results for the IGM properties by

using multiple tracer types. The IGM property constraints will only be val-

idated when observations are available from instruments with large effective

area, high energy resolution, and a low energy threshold in the soft X-ray en-

ergy band (e.g. Athena). We will continue our IGM exploration using other

tracers in an upcoming paper and will combine the future results with those

from this paper, D21 and D20.
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Table 4.4: Swift blazar sample. For each blazar, the columns give the name, type,
redshift, IGM and continuum best cstat fitted parameter results: Nhxigm, [X/H],
temperature, log parabolic power law and β, or broken power law low energy pewer
law (PO1), Energy break (Eb) and high energy PO2, Cstat/dof

Blazar Type z log( Nhxigm
cm−2 ) [X/H] log(TK ) PO or PO1 β or Eb PO2 Cstat/dof

Mrk 501 BL Lac 0.03 19.78+2.07
−0.78 −0.08+0.06

−0.07 6.77+0.41
−0.17 1.92+0.06

−0.05 0.23+0.14
−0.16 474.61/525

PKS 0521-365 BL Lac 0.06 21.82+0.40
−1.82 −0.70+0.70

−0.19 7.08+0.81
−0.05 1.47+0.03

−0.03 0.15+0.05
−0.08 752.59/759

BL Lac BL Lac 0.07 20.81+1.07
−0.77 −2.99+2.10

−0.05 4.98+0.12
−0.01 1.39+0.05

−0.06 2.01+0.17
−0.23 1.73+0.03

−0.04 874.68/917
1ES 0347-121 BL Lac 0.18 21.30+0.90

−0.70 −1.60+0.90
−0.70 5.72+2.16

−0.56 1.97+0.18
−0.11 0.05+0.15

−0.21 375.95/443
1ES 1216+304 BL Lac 0.18 22.25+0.04

−0.79 −2.92+1.25
−0.04 5.46+1.50

−0.05 1.54+0.06
−0.02 0.65+0.03

−0.03 681.87/724
4C +34.47 FSRQ 0.21 20.70+1.19

−0.70 −1.01+0.01
−0.91 6.57+1.20

−0.93 1.60+0.10
−0.06 −0.15+0.08

−0.14 531.50/539
1ES 0120+340 BL Lac 0.27 21.89+0.34

−0.74 −1.00+0.25
−0.75 7.25+0.69

−0.23 1.71+0.03
−0.03 0.24+0.06

−0.06 589.57/698
S50716+714 FSRQ 0.31 21.18+0.15

−0.01 −2.00+0.20
−0.00 5.11+0.15

−0.01 1.87+0.03
−0.10 0.13+0.11

−0.04 824.04/822
PKS 1510-089 FSRQ 0.36 21.87+0.24

−0.12 −1.82+0.64
−0.88 5.14+0.42

−0.11 2.10+0.20
−0.47 0.98+0.10

−0.06 1.33+0.02
−0.03 868.77/922

J1031+5053 BL Lac 0.36 21.63+0.54
−0.91 −1.13+0.06

−0.08 5.00+0.18
−0.05 3.95+0.01

−1.42 0.81+0.11
−0.11 2.23+0.04

−0.11 463.45/525
3C 279 FSRQ 0.54 20.70+1.37

−0.04 −2.99+0.85
−0.01 5.20+0.27

−0.04 1.49+0.01
−0.02 2.64+0.19

−0.26 1.66+0.03
−0.03 992.21/933

1ES 1641+399 FSRQ 0.59 22.23+0.27
−0.33 −0.86+0.13

−0.96 7.60+0.37
−0.21 1.59+0.04

−0.03 2.79+0.62
−0.37 1.74+0.81

−0.47 681.57/739

PKS 0637-752 FSRQ 0.64 21.88+0.50
−0.97 −1.50+0.74

−1.03 6.40+1.50
−0.87 2.08+0.31

−0.24 1.10+0.33
−0.29 1.63+0.09

−0.08 535.08/629
PKS 0903-57 FSRQ 0.70 21.80+0.54

−0.34 −2.70+0.90
−0.30 5.20+2.15

−0.26 0.54+0.20
−0.18 1.09+0.28

−0.24 371.01/433
3C 454.3 FSRQ 0.86 21.85+0.30

−0.24 −2.92+0.28
−0.08 5.03+0.22

−0.03 1.29+0.03
−0.03 2.30+0.18

−0.03 1.54+0.03
−0.03 935.16/926

PKS 1441+25 FSRQ 0.94 21.77+0.33
−1.17 −1.80+0.96

−0.43 5.18+2.62
−0.11 2.15+0.26

−0.16 −0.03+0.29
−0.33 360.76/412

4C +04.42 FSRQ 0.97 21.23+0.68
−0.75 −0.90+0.15

−0.95 5.08+2.25
−0.07 1.53+0.15

−0.24 −0.30+0.30
−0.15 505.29/537

PKS 0208+512 FSRQ 1.00 21.84+0.23
−0.11 −1.13+0.07

−0.37 6.65+0.15
−0.17 1.60+0.02

−0.06 3.28+0.35
−0.12 1.84+0.02

−0.06 575.64/668
PKS 1240-294 FSRQ 1.13 21.93+0.22

−0.98 −0.99+0.27
−0.90 5.53+1.93

−0.34 1.90+0.23
−0.75 −0.31+0.84

−0.26 307.68/374
PKS 1127-14 FSRQ 1.18 21.89+0.21

−0.98 −1.51+0.75
−0.79 5.00+0.16

−0.18 2.37+1.59
−0.75 0.59+0.27

−0.25 1.41+0.05
−0.06 649.40/702

NRAO 140 FSRQ 1.26 22.19+0.15
−2.19 −1.22+0.50

−0.78 7.23+0.70
−0.80 1.11+0.12

−0.08 0.36+0.09
−0.17 724.79/696

OS 319 FSRQ 1.40 21.59+0.51
−0.65 −0.81+0.02

−0.40 5.87+0.42
−0.08 1.86+0.11

−0.41 0.20+0.31
−0.14 366.43/384

PKS 2223-05 FSRQ 1.40 22.31+0.18
−1.13 −0.85+0.01

−1.30 7.27+0.61
−1.39 1.42+0.19

−0.09 0.28+0.13
−0.32 433.27/484

PKS 2052-47 FSRQ 1.49 22.26+0.17
−1.30 −1.47+0.73

−0.93 7.20+0.74
−0.98 1.33+0.13

−0.11 0.20+0.18
−0.21 374.12/451

4C 38.41 FSRQ 1.81 21.94+0.27
−0.96 −0.76+0.04

−1.20 7.22+0.16
−0.45 1.37+0.03

−0.03 0.17+0.04
−0.06 806.01/804

PKS 2134+004 FSRQ 1.93 22.37+0.05
−1.32 −1.59+0.84

−0.64 7.32+0.07
−1.64 1.45+0.16

−0.12 0.25+0.16
−0.27 886.53/418

PKS 0528+134 FSRQ 2.06 22.32+0.08
−0.64 −1.60+0.47

−0.80 6.92+0.25
−1.43 0.88+0.33

−0.27 1.59+0.28
−0.14 1.52+0.08

−0.07 728.89/760
1ES 0836+710 FSRQ 2.17 22.03+0.30

−0.11 −2.38+1.26
−0.12 5.18+1.80

−0.30 1.15+0.03
−0.06 2.15+0.15

−0.46 1.35+0.03
−0.04 972.76/912

PKS 2149+306 FSRQ 2.35 22.11+0.12
−0.21 −1.08+0.34

−0.39 6.40+0.37
−0.49 2.13+0.42

−0.66 1.02+0.15
−0.12 1.27+0.03

−0.06 858.87/825
J1656-3302 FSRQ 2.40 22.35+0.12

−0.03 −0.72+0.02
−0.98 7.19+0.65

−0.42 0.12+0.46
−0.02 1.50+0.62

−0.26 1.36+0.13
−0.33 438.94/528

PKS 1830-211* FSRQ 2.50 22.20+0.10
−0.81 −0.99+0.32

−0.55 6.88+0.93
−1.84 0.64+0.29

−0.23 0.46+0.18
−0.25 784.65/858

TXS0222+185 FSRQ 2.69 22.28+0.14
−0.96 −1.59+0.64

−0.81 7.00+0.88
−1.61 0.99+0.18

−0.15 0.36+0.15
−0.15 699.61/676

PKS 0834-20 FSRQ 2.75 22.30+0.22
−0.74 −0.95+0.22

−0.91 7.03+0.73
−0.55 0.88+0.40

−0.45 0.54+0.47
−0.44 320.97/395

TXS0800+618 FSRQ 3.03 22.37+0.06
−1.22 −1.85+0.83

−0.54 6.40+1.30
−1.98 1.77+0.34

−0.80 −0.61+0.87
−0.36 297.99/354

PKS 0537-286 FSRQ 3.10 22.21+0.07
−1.02 −2.99+2.21

−0.15 5.13+2.65
−0.21 1.16+0.13

−0.12 0.04+0.16
−0.14 620.60/681

PKS 2126-158 FSRQ 3.27 22.30+0.08
−1.38 −2.30+1.54

−0.40 5.51+1.60
−1.07 1.10+0.15

−0.15 0.34+0.18
−0.15 732.26/721

S50014+81 FSRQ 3.37 21.70+0.76
−0.13 −2.98+0.94

−0.00 6.82+1.02
−1.62 1.09+0.15

−0.11 0.44+0.15
−0.18 492.23/582

J064632+445116 FSRQ 3.39 22.45+0.09
−0.32 −1.64+0.73

−0.66 7.41+0.56
−1.35 1.44+0.18

−0.17 5.10+2.82
−1.20 3.07+0.61

−1.65 289.92/309
J013126-100931 FSRQ 3.51 22.22+0.16

−0.69 −1.37+0.34
−0.63 5.06+2.53

−0.89 1.24+0.28
−0.59 0.01+0.65

−0.32 256.98/326

B3 1428+422 FSRQ 4.70 22.51+0.01
−0.87 −2.80+1.76

−0.09 5.33+2.44
−1.09 1.76+0.34

−0.80 −0.63+1.04
−0.40 249.06/286

∗Intervening galaxy at z = 0.89 with Nhx =
1.94 × 1022 included in fitting using ztbabs
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Table 4.5: Swift 2SXPS Catalogue sub-sample for individual observation compar-
ison with co-added spectra results. For each blazar, the columns give Observation
ID, redshift, count rate/mean count rate, fitted IGM Nhxigm and log-parabolic
power law/ mean power law.

Blazar Observation ID z count rate
mean rate log( Nhxigm

cm−2 ) logpar power-law
mean power-law

3C 454.3 mean 0.86 1.00 21.67+0.41
−1.19 1.00

00035030001 0.86 2.65 22.06+0.22
−0.25 0.96

00030024001 0.86 4.69 21.76+0.47
−0.98 0.91

00030024002 0.86 2.96 21.86+0.23
−1.16 1.05

00035030005 0.86 3.53 22.30+0.17
−1.07 0.98

PKS 2149-306 mean 2.35 1.00 21.90+0.28
−1.12 1.00

00031404001 2.35 0.73 21.90+0.53
−0.76 1.11

00031404015 2.35 1.15 22.03+0.13
−0.06 0.93

00035242001 2.35 0.93 22.30+0.20
−0.92 1.68

00031404013 2.35 1.30 22.36+0.11
−1.16 0.89

PKS 2126-158 mean 3.26 1.00 22.30+0.08
−1.38 1.00

00036356001 3.26 0.92 22.37+0.07
−0.27 1.45

00036356003 3.26 0.92 22.37+0.01
−1.30 1.19

00036356004 3.26 0.88 22.44+0.00
−1.32 1.11

00036356002 3.26 0.96 21.70+0.61
−0.70 1.17

PKS 0537-286 mean 3.10 1.00 22.21+0.07
−1.02 1.00

00035240001 3.10 0.93 22.15+0.33
−0.33 1.04

00035240002 3.10 0.95 22.34+0.17
−0.60 0.91

00036783001 3.10 1.25 22.31+0.18
−0.67 1.10

00030816005 3.10 1.15 22.00+0.46
−0.40 1.22

1ES 0836+710 mean 2.17 1.00 21.85+0.36
−0.98 1.00

00035385001 2.17 1.16 21.90+0.39
−0.76 1.16

00036376012 2.17 0.93 22.32+0.12
−0.10 1.66

00080399002 2.17 1.30 22.27+0.09
−1.31 0.95

00036376005 2.17 0.83 22.04+0.39
−1.26 1.21

TXS 0222+185 mean 2.69 1.00 22.28+0.13
−0.96 1.00

00080243001 2.69 1.15 22.26+0.09
−0.04 1.38

00080243002 2.69 0.91 22.40+0.08
−0.14 1.18

00030794003 2.69 0.95 22.34+0.14
−0.85 1.33

00030794002 2.69 0.99 22.27+0.16
−0.97 1.01

4C 38.41 mean 1.81 1.00 21.94+0.22
−0.76 1.00

00036389050 1.81 1.23 22.29+0.21
−1.29 1.20

00036389059 1.81 2.14 21.89+0.22
−0.64 0.95

00032894004 1.81 1.84 21.99+0.31
−0.33 1.37

00036389052 1.81 1.16 22.35+0.12
−0.92 0.97

PKS 0528+134 mean 2.06 1.00 22.23+0.14
−0.86 1.00

00035384002 2.06 1.63 22.35+0.05
−1.05 0.44

00035384003 2.06 2.12 22.20+0.28
−1.60 1.80

00035384005 2.06 2.16 22.30+0.14
−1.12 1.30

00035384006 2.06 2.58 22.26+0.15
−0.17 2.81
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Table 4.6: XMM-Newton (XMM), 0.3 - 10 keV and 0.16 - 13 keV, and Swift
sub-sample IGM column density results. For each blazar, the columns give Blazar
name, redshift, fitted IGM Nhxigm for Swift,XMM-Newton 0.3-10 keV and 0.16-13
keV respectively.

Swift 0.3-10 keV XMM 0.3-10 keV XMM 0.16-13 keV

Blazar z log( Nhxigm
cm−2 ) log( Nhxigm

cm−2 ) log( Nhxigm
cm−2 )

3C 454.3 0.86 21.67+0.41
−1.19 21.18+0.95

−0.57 21.52+0.04
−0.12

PKS2149-306 2.35 21.90+0.28
−1.12 22.18+0.05

−0.68 22.09+0.19
−0.91

PKS2126-158 3.26 22.30+0.08
−1.38 22.10+0.13

−1.40 22.11+0.11
−1.62

PKS0537-286 3.10 22.21+0.07
−1.02 22.35+0.02

−0.37 22.26+0.09
−0.39

1ES0836+710 2.17 21.85+0.36
−0.98 22.23+0.17

−1.19 21.64+0.37
−0.87

TXS0222+185 2.69 22.28+0.13
−0.96 22.44+0.04

−0.08 22.18+0.04
−0.09

PKS0528+134 2.06 22.23+0.14
−0.86 22.34+0.07

−0.12 22.31+0.08
−0.14
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Chapter 5

Probing the parameters of the

intergalactic medium using

quasars

This paper was submitted to the MNRAS in January, 2022, and reproduced here

with minor formatting changes.

5.1 Summary

We continue our series of papers on intergalactic medium (IGM) tracers using quasi-

stellar objects (QSOs), having examined gamma-ray bursts (GRBs) and blazars in

earlier studies. We have estimated the IGM properties of hydrogen column density

(Nhxigm), metallicity and temperature using XMM-Newton QSO spectra over a

redshift range of 0.114 ≤ z ≤ 6.18, with a collisional ionisation equilibrium (CIE)

model for the ionised plasma. We subjected our results to a number of tests and

found that the Nhxigm parameter was robust with respect to intrinsic power laws,

spectral counts, reflection hump and soft excess features. There is scope for a

luminosity bias given both luminosity and Nhxigm scale with redshift, but we find

this unlikely given the consistent IGM parameter results across the other tracer
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types reviewed. The impact of intervening high column density absorbers was

found to be minimal. The Nhxigm from the QSO sample scales as (1 + z)1.5±0.2.

The mean hydrogen density at z = 0 is n0 = (2.8 ± 0.3) × 10−7 cm−3, the mean

IGM temperature over the full redshift range is log(T/K) = 6.5±0.1, and the mean

metallicity is [X/H] = −1.3±0.1 (Z ∼ 0.05). Combining the results with our previous

GRB and blazar tracers, we conclude that the IGM contributes substantially and

consistently to the total absorption seen in QSO, blazar and GRB spectra.

5.2 Introduction

In our previous papers in this series (Dalton and Morris, 2020; Dalton et al.,

2021a,b, hereafter D20, D21a and D21b), we studied GRBs and blazars as tracers

of IGM properties and possible variation with redshift. We continue the series in

this paper with the study of QSOs. Our main objective is to estimate the IGM

parameters of column density, metallicity, and temperature, using a model for ion-

ised absorption on the line of sight (LOS) to QSOs. Our continuing hypothesis is

that there is significant absorption in the diffuse IGM, and that the integrated IGM

column density increases with redshift. We analyse the possible absorption due to

the IGM using a highly ionised absorption component in addition to examining

appropriate host environment and continuum intrinsic models. We test the robust-

ness of our results and combine our QSO sample with our GRB and blazar samples

for cross tracer comparison.

Most baryonic matter residing in the intergalactic medium (IGM) is not in the form

of luminous virialized matter (Shull et al., 2012). The vast majority of hydrogen

and helium is ionised in the IGM following reionisation in the early Universe. In

order to measure the IGM density, metallicity and temperature, the observation of

metals is essential. Powerful cosmological sources such as GRBs, blazars and QSOs

are currently some of the most effective targets to study the IGM as their X-ray

absorption yields information on the total absorbing column density of the matter.
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QSOs are extremely luminous form of Active Galactic Nuclei (AGN) observed

over a huge cosmological range with the current most distant being J0313-1806

at z = 7.642 (Wang et al., 2020). Under the generally accepted scenario, UV

emission in QSOs is produced by viscous dissipation in the accretion disk where the

gravitational energy of the infalling material is partially transformed into radiation

(Shakura and Sunyaev, 1973). The UV photons are Comptonised to X-rays by a

corona of hot relativistic electrons around the accretion disk (Haardt and Maraschi,

1993). These X-rays can illuminate the accretion disc, being reflected back towards

the observer. The observational signs of such reflection features are iron emission

lines, Fe K absorption edge and Compton scattering hump. However, these are

not always apparent or observed. While features such as the Compton hump, soft

excess and iron emission lines are frequently observed in lower luminosity AGN,

particularly at lower redshift, they are not often observed in QSOs where the very

powerful emission continuum dominates (Scott et al., 2011, and references therein).

QSOs have been extensively studied for many decades across a very wide band of

frequencies from radio to X-ray. The availability of ultra-violet (UV) databases and

catalogues enables broadband comparison with X-rays for our purposes. The clear

non-linear relation between the UV and X-ray components has been measured in

detail, and noted to be reasonably constant over redshift and luminosity ranges (e.g.

Risaliti and Lusso, 2019; Salvestrini et al., 2019; Lusso et al., 2020, and references

therein). Their very consistent spectra observed over an extensive redshift range

make them attractive as IGM tracers, as it can then be hypothesised that deficits or

softening in continuum curvature that are related to redshift could be interpreted

as signatures of IGM absorption.

QSOs as X-ray tracers of the IGM have been well studied in the past (e.g. Wilkes

and Elvis, 1987; Elvis et al., 1994a; Page et al., 2005; Behar et al., 2011; Starling

et al., 2013). X-ray absorption is usually dominated by metal ions and reported

as an equivalent hydrogen column density (Nhx). The early observations of excess

absorption in QSOs at high redshift in X-ray over the known Galactic absorption
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(NhxGal) were unexpected, as in X-ray, the absorbing cross-section decreases as

the observed spectral energy increases with redshift (e.g. Elvis et al., 1994a; Cappi

et al., 1997; Fiore et al., 1998; Elvis et al., 1998). This excess absorption was

initially assumed to be located in the QSO host. Reeves and Turner (2000) were

among the first to strongly advocate a relation between excess absorption and

redshift but noted that the assumption of all such excess being at the QSO rest-

frame could lead to overestimation of column densities as the absorbing material

could lie anywhere on the LOS. Later studies explored the possibility of the IGM

contributing to the excess absorption and found to be related to redshift, indicating

that at least some of the excess absorption may be attributable to the IGM and not

entirely the host (e.g. Eitan and Behar, 2013; Starling et al., 2013). However, all

such studies assumed by convention that the absorbers were neutral and at solar

metallicity. As typical QSO hosts, and IGM absorbers are partially ionised and have

low metallicity, the resulting reported column densities are, therefore, lower limits.

In our previous studies on GRBs (D20 and D21a) and blazars (D21b), we used

realistic parameter ranges for metallicity and temperature in collisional ionisation

absorption models for the IGM. We found strong evidence for IGM absorption rising

with redshift in the spectra of both GRBs and blazars. We now continue the series

using similar IGM and continuum models to study QSO spectra. In this paper, all

data is taken from the European Space Agency’s XMM − Newton Photon Imaging

camera (EPIC) (Strüder et al., 2001) which has excellent low energy response down

to 0.15 keV, high sensitivity to extended emission, and large effective area enabling

detailed analysis of soft X-ray properties.

The sections that follow are: Section 5.3 describes the data selection and meth-

odology; Section 5.4 covers the models for the IGM LOS including assumptions

and parameters, and QSO continuum models; Section 5.5 gives the results of QSO

spectra fits using collisional IGM models with free IGM key parameters; in Section

5.6 we test the robustness of the IGM model fits including a review of the QSO UV

spectra for any high density absorbers; in Section 5.7 we combine GRB and blazar
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samples with our QSO sample for cross-tracer analysis. In Section 5.8, we discuss

the results and compare with other studies and Section 5.9 gives our conclusions.

For those interested in the key findings on IGM parameters from fits, we suggest

they read Sections 5.5, 5.7 and 5.9. Those interested in spectra fitting methodology

and model assumptions should also read Sections 5.3 and 5.4. Finally, for readers

interested in more detailed examination of robustness of the QSO spectra fitting

and discussion on other studies, read Sections 5.6 and 5.8. In this paper where

relevant, we adopt the cosmological parameters ΩM = 0.3, ΩΛ = 0.7, and H0 = 70

km s−1 Mpc−1.

5.3 Data selection and methodology

Our sample of QSOs is taken from the catalogue created by Lusso et al. (2020) based

on the 14th Data Release of the Sloan Digital Sky Survey (SDSS-DR14) (York et al.,

2000) which they cross-matched with 4XMM-Newton Data Release-9 data giving

an initial sample of 24,947 QSOs. We applied a minimum threshold of X-ray counts

> 500 to ensure high signal-to-noise spectra. As the number of QSOs with z > 4

deceases dramatically, we drew from samples in Page et al. (2005); Grupe et al.

(2006); Eitan and Behar (2013); Nanni et al. (2017); Vito et al. (2019); Medvedev

et al. (2021). For z < 4 QSOs, we selected those with highest counts, maintaining a

redshift spread. We relaxed our minimum count cutoff requirement slightly above

z ∼ 3.8, with 3 QSOs have counts between 400 − 500. Our final sample of 48 QSOs

has a redshift range of 0.114 ≤ z ≤ 6.18

Radio loudness (R) is typically defined as the ratio of the flux densities at rest-frame

5GHz and 4400 Å, with R ≥ 10 and R < 10 for radio-loud (RLQ) and radio-quiet

(RQQ) respectively (Kellermann et al., 1989). We include both RLQ and RQQ

in our sample but exclude broad absorption line QSOs as these are known to be

highly absorbed in X-ray and could dominate any possible IGM absorption. In

general, for a given optical luminosity, the X-ray emission from RLQs is about
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three times greater than that from RQQs which allows them to be studied out to

higher redshifts (Scott et al., 2011, and references therin). As a result, 19 out of our

48 QSOs are RLQ which may be a source of bias given on average, approximately

10% of QSOs are RLQ (e.g Grupe et al., 2006). We explore this in Section 5.6.
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Table 5.1: SDSS-DR14 and 4XMM-Newton-DR9 cross-correlation QSO sample.
For each QSO, the columns give the name, radio type (radio loud - RLQ, radio
quiet - RQQ, or unknown), redshift, number of counts in 0.3-10 keV range and
count rate (s−1). Co-added spectra for a number of QSOs are used, often observed
over a period of time, so we do not provide individual observation information.

QSO Radio type z Total counts Mean count rate (s−1)

J142952+544717* RLQ 6.18 725 0.046
022112.62-034252.2* unknown 5.01 339 0.034
001115.23+144601.8 RLQ 4.96 2258 0.096
143023.73+420436.5 RLQ 4.71 13162 0.157
223953.6-055220.0 RQQ 4.56 450 0.015

151002.93+570243.3 RLQ 4.31 1395 0.15
133529.45+410125.9 RQQ 4.26 626 0.055
132611.84+074358.3 RQQ 4.12 947 0.025
163950.52+434003.7 RLQ 3.99 1158 0.029
021429.29-051744.8 RLQ 3.98 1126 0.018
133223.26+503431.3 RQQ 3.81 404 0.022
200324.1-325144.0 RLQ 3.78 3484 0.23
200324.1-135245.1 RLQ 3.77 2963 0.21
122135.6+280614.0 RLQ 3.31 2994 0.093
042214.8-384453.0 RLQ 3.11 1840 0.22

083910.89+200207.3 RLQ 3.03 4251 0.103
111038.64+483115.6 RQQ 2.96 741 0022
122307.52+103448.2 RQQ 2.75 535 0.029
115005.36+013850.7 unknown 2.33 954 0.014
121423.02+024252.8 RLQ 2.22 5394 0.077
112338.14+052038.5 RLQ 2.18 826 0.031
123527.36+392824.0 RQQ 2.16 553 0.017
134740.99+581242.2 RLQ 2.05 2978 0.112
095834.04+024427.1 RQQ 1.89 1444 0.023
093359.34+551550.7 RQQ 1.86 2309 0.09
133526.73+405957.5 RQQ 1.77 634 0.062
100434.91+411242.8 RQQ 1.74 9558 0.27
104039.54+061521.5 RLQ 1.58 946 0.019
083205.95+524359.3 RQQ 1.57 1303 0.016
112320.73+013747.4 RQQ 1.47 1801 0.078
091301.03+525928.9 RQQ 1.38 1221 0.44
121426.52+140258.9 RLQ 1.28 946 0.019
105316.75+573550.8 RQQ 1.21 2059 0.066
085808.91+274522.7 RQQ 1.09 3158 0.043
095857.34+021314.5 RQQ 1.02 1904 0.77
125849.83-014303.3 RQQ 0.97 7032 0.20
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Table 5.2: Table 5.1 continued

QSO Radio type z Total counts Mean count rate (s−1)

082257.55+404149.7 RLQ 0.86 815 0.158
150431.30+474151.2 RQQ 0.82 1499 0.106
111606.97+423645.4 RQQ 0.67 2409 0.081
130028.53+283010.1 RLQ 0.65 6859 0.314
111135.76+482945.3 RQQ 0.56 4081 0.150
091029.03+542719.0 RQQ 0.53 2073 0.058
105224.94+441505.2 RQQ 0.44 1237 0.156
223607.68+134355.3 RQQ 0.33 3106 0.058
144645.93+403505.7 RQQ 0.27 15843 0.959
123054.11+110011.2 RQQ 0.24 6368 1.158
103059.09+310255.8 RLQ 0.18 37274 1.79
141700.81+445606.3 RQQ 0.11 29070 1.386
* These QSOs had poor high energy spectra above 2keV so the range taken was

from 0.2 - 2.0 keV

The XMM-Newton EPIC spectra were obtained in timing mode and reduced with

the Science Analysis System (SAS2, version 19.1.0) following the standard proced-

ure. First, we processed each observation with the epchain SAS tool. We used

only single-pixel events (PATTERN==0) while bad time intervals were filtered out

for large flares applying a 1.0 cts s−1 threshold. In order to avoid bad pixels and

regions close to CCD edges, we filtered the data using FLAG==0. We manu-

ally inspected the source and background subtraction region for each observation.

XMM − Newton has three cameras, pn, MOS-1 and MOS-2. All our data is taken

from pn except for our highest redshift QSOs where we included the MOS-1 and

MOS-2 data to increase spectral counts.

For our fitting, we use xspec version 12.11.1 (Arnaud, 1996). We use the C-statistic

(Cash, 1979) (Cstat in xspec) which is based on the Poisson likelihood and gives

more reliable results where the number of counts per bin is small. As we are us-

ing total X-ray spectral absorption for the IGM, we can expect some degeneracy

between the parameters. We therefore follow the same method as in our other

papers in this series (D21a and D21b) using a combination of the steppar func-

tion and Markov chain Monte Carlo to overcome the problem of local probability

maxima, and to give confidence intervals on our IGM property results. We adopt
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the approach that a reduction of Cstat> 2.71, > 4.6, and > 6.25 for one, two and

three additional interesting parameters corresponds to 90% significance (Reeves

and Turner, 2000; Ricci et al., 2017). Spectra were binned to have a minimum of

1 count per bin to avoid empty channels so the Cstat value is independent of the

count numbers (Nanni et al., 2017). We assume a homogeneous isotropic IGM as

all our QSO sample have LOS much greater than the large scale structure, while

acknowledging that large individual absorbers can still impact the LOS (tested in

Section 5.6).

5.4 Models for the QSO continuum and LOS features

In this section we explain our choice of IGM models and parameter ranges. We

also describe the models used for fitting the intrinsic spectra and absorption of the

QSOs, and our Galaxy. We emphasise that we are not attempting to find a model

fully consistent with the QSO spectrum, so long as our intrinsic model sufficiently

represents spectral curvature and shape, with the remaining spectral features being

attributable to the IGM. We, therefore, do not necessarily expect our modelling

to yield any physical insight into the nature of the QSO engine itself. Given the

moderate resolution of XMM-Newton, our spectral modelling and analysis pertains

to the overall continuum absorption and not individual lines, edges or features

(D21a and b).

5.4.1 Galactic absorption

We use tbabs (Wilms et al., 2000, hereafter W00) with NhxGal fixed to the values

based on Willingale et al. (2013) which are estimated using 21 cm radio emission

maps from (Kalberla et al., 2005). We use W00 solar abundances which factor in

dust and H2 in the interstellar medium in galaxies.
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5.4.2 Continuum models

In the energy range we are studying (0.3-10 keV), QSO spectra are typically mod-

elled with a simple power law. Some studies add a high energy cut-off at ∼ 100keV

or higher (e.g. Ricci et al., 2017), but the typical values of such cut-off are well

outside our X-ray energy range. Many QSOs show curvature, particularly in soft

X-ray and a log-parabolic power law can be more appropriate. A Compton reflec-

tion hump is a common feature in QSOs, mainly RQQ. However, the visibility of

this component in the observed spectra of QSOs is low, as their emission is mainly

dominated by the luminous continuum (e.g. Reeves and Turner, 2000; Scott et al.,

2011). In high luminosity QSOs, the reflection component may be intrinsically

weaker due to possible ionisation of the inner accretion disc, reducing the neutral

matter available to generate a reflection feature (Mushotzky et al., 1993). There

is little observational evidence, particularly for higher redshift QSOs (z > 2) of

the iron emission line, probably due to the dominant emission continuum (Page

et al., 2005). QSOs sometimes show a soft excess, particularly at lower redshifts.

This was initially postulated to be the hard tail of the UV ’big blue bump’. While

there is no consensus on the origin of the soft excess, there are now several promin-

ent theories e.g. an artifact of ionised absorption (e.g Gierliński and Done, 2004),

Comptonisation of UV photons (e.g. Done et al., 2012), and relativistically blurred

disc reflection (e.g. Crummy et al., 2006). In conclusion, as the soft excess rarely

shows above redshift z > 0.3, and the reflection hump is also rarely seen in QSOs,

we omit adding specific components for these features in our initial fitting.

Accordingly, we model the QSO continuum with a simple and a log-parabolic power

law. In Section 5.6, we robustly explore whether the inclusion of model compon-

ents for reflection and/or soft excess improves the fit and/or impacts any IGM

absorption.

Finally, we note that there is a known systematic instrumental feature at 2keV

which is observed in most of the QSO sample spectra. It is associated with the Au
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M and Si K edges which occur in the pn and MOS instruments.

5.4.3 QSO host absorption

As noted in Section 5.2, by convention many X-ray QSO studies assume any ab-

sorption in excess of our Galaxy is located in the host galaxy, with the absorber

assumed to be neutral and with solar metallicity. To more accurately isolate any ab-

sorption by the QSO host, we base our model on the findings in the Quasar Probing

Quasar series (e.g Hennawi et al., 2006; Prochaska and Hennawi, 2009; Hennawi and

Prochaska, 2013; Prochaska et al., 2013). Accordingly, our host model assumes col-

lisionally ionised absorption (CIE) in the circum-galactic medium (CGM) at fixed

parameters of log(Nhx/cm−2) = 20, log(T/K) = 6 and [X/H] = −1 (Z/Z⊙ = 0.1).

We use the xspec CIE model hotabs (Kallman et al., 2009). We note that there

is evidence of metallicity evolution in QSOs (e.g. Prochaska et al., 2014, and ref-

erences therein) but not sufficient to warrant leaving the metallicity parameter

variable in the host model. Further, Damped Lyman α Systems (DLAs) have been

observed on the LOS to QSOs. However, their very low incidence means they have

limited potential impact on most QSO spectra. We examine this further in Sec-

tion 5.6. Finally, we note that the incidence of QSOs with significantly reddened

optical spectra is rare, indicating that the dust/gas ratio is low (Page et al., 2005).

Therefore, we assume there is no dust impact on the assumed host absorption.

5.4.4 Ionised IGM component

We follow the D21a and D21b methodology for the modelling the IGM absorption.

As extreme scenarios where all absorption in the IGM is either in the collisionally

(CIE) or photoionised (PIE) phases, we initially fitted a sub-sample of QSOs with

both PIE and CIE absorption separately. We found that similar results for Nhxigm

were obtained for both models, consistent with D21a and D21b. Some combination

of CIE and PIE absorption is the most physically plausible scenario for the full LOS.

162



5.4.4. Ionised IGM component

Table 5.3: Upper and lower limits for the free parameters in the IGM model.
Continuum parameters were also left free. The fixed parameters are Galactic
log(Nhx/cm−2), the IGM slab redshift at half the QSO redshift, and the QSO
host CGM log(Nhx/cm−2), temperature and metallicity.

IGM parameter range in xspec models

column density 19 ≤ log(Nhx/cm−2) ≤ 23

temperature 4 ≤ log(T/K) ≤ 8

metallicity −4 ≤ [X/H] ≤ −0.7

As it is not possible to determine which ionisation model is the better single model

for the IGM at all redshifts, we follow D21b, fitting with the CIE model hotabs

only. As noted in Section 5.4, we are modelling and fitting the overall continuum

curvature, and not specific absorption features. We note that this gives scope for

possible degeneracy to occur. This degeneracy could arise from the relation between

column density, temperature and metallicity, but also due to features such as soft

excess and reflection humps. We examine the potential impact of such soft excess

and reflection components in Section 5.6.

We assume a thin uniform plane parallel slab geometry in ionisation and thermal

equilibrium to model the IGM LOS (e.g. Savage et al., 2014; Nicastro et al., 2017;

Khabibullin and Churazov, 2019; Lehner et al., 2019). As an approximation of the

full LOS IGM absorption, in a homogeneous medium, this slab is placed at half

the QSO redshift.

We use the same IGM parameter ranges as D21a and D21b for density, temperature

and metallicity as summarised in Table 5.3. The metallicity range is broad enough

to cover the most diffuse low metallicty IGM regions, to the higher metallicity

warm-hot IGM (WHIM) based on (e.g Schaye et al., 2003; Aguirre et al., 2008;

Danforth et al., 2016; Pratt et al., 2018).

Fig. 5.1 shows an example of our model components for the LOS absorption to a

QSO at z = 3. We show the model components separately using a log-parabolic

power law for each line, as well as the full combined model: CIE IGM absorption

(grey) for a slab at z = 1.5 log(Nhxigm/cm−2) = 22.00, Z = 0.05Z⊙, and log(T/K) =
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Figure 5.1: Model components for the LOS absorption to a QSO at z = 3, in the
energy range 0.2 - 3keV. Each component is shown separately combined with a
log-parabolic power law, as well as the full combined model: IGM CIE absorption
(grey) of a slab at z = 1.5 log(Nhxigm/cm−2) = 22.00, Z = 0.05Z⊙, and log(T/K)
= 6.00 ; log(Nhx/cm−2) = 20 for our Galaxy (red); log(Nhx/cm−2) = 20 with
Z = 0.1Z⊙ and log(T/K) = 6.00 for the QSO host CGM at z = 3 (blue). The full
combined model is the light blue line.

6.00 fo a slab at z = 1.5; log(Nhx/cm−2) = 20 for our Galaxy (red); log(Nhx/cm−2) =

20 with Z = 0.1Z⊙ and log(T/K) = 6.00 for the QSO host CGM (blue) at z = 3. The

full combined model is the light blue line. The absorption lines are clearly visible

in the model example, but these features would not be detected in a real spectrum

being smeared out over a large redshift range and due to instrument limitations.

Substantial absorption by intervening neutral absorbers with log(Nh i/cm−2) >

21.00 is rare in QSO LOS, and insufficient to account for the observed spectral

curvature unless there are several intervening DLA or a galaxy (e.g Elvis et al.,

1994b; Cappi et al., 1997; Fabian et al., 2001; Page et al., 2005). Therefore, in our

164



5.5. QSO spectral analysis results

model, we omit any intervening absorption contribution from any such possible

objects. In Section 5.6, we will examine all known DLA and intervening galaxies

on the QSO LOS to see if they could account for any curvature in the sample

spectra.

The full xspec models based on the above components are therefore:

tbabs(Galaxy)*hotabs(IGM)*hotabs(host CGM)*po

or

tbabs(Galaxy)*hotabs(IGM)*hotabs(host CGM)*logpar

5.5 QSO spectral analysis results

In this section, we firstly discuss the impact of using a log-parabolic power law

compared to the more commonly used simple power law for the QSO intrinsic

continuum in Section 5.5.1. We then give the results for IGM parameters for the

full sample using the CIE IGM absorption model in Section 5.5.2. All spectral

fits include tbabs for Galactic absorption and hotabs for the QSO host CGM as

described in Section 5.4.

5.5.1 Spectra fits using alternative continuum models

We fitted our full sample with a simple power law and a log-parabolic power law to

see which has the best Cstat fit. In nearly all of the sample, the Cstat fit improved

using the log-parabolic power law with 60% showing a significant improvement

based on the criteria ∆Cstat> 2.71. Accordingly, in fitting the QSO sample with

the full CIE model, we used only a log-parabolic power law for consistency.
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Figure 5.2: Results for the IGM Nhx parameter versus redshift using the CIE
(hotabs) model. The error bars are reported with a 90% confidence interval. The
green line is the simple IGM model using a mean IGM density (see eq. 5.1).

5.5.2 Results for IGM parameters using the CIE model

We give the results for the IGM parameters of log(Nhx), temperature and metal-

licity using the CIE model component for our full QSO sample. These IGM para-

meters, as well as the power law parameters were left free to vary. The error bars

are reported with a 90% confidence interval. The green line in the plots of Nhx

and redshift (Figs. 5.2 and 5.9), is the mean hydrogen density of the IGM based

on D20, D21a and D21b and references therein (e.g. Starling et al., 2013; Shull and

Danforth, 2018).

Nhxigm =
n0c
H0

∫ z

0

(1 + z)2dz

[ΩM(1 + z)3 + ΩΛ]
1
2

(5.1)

where n0 is the hydrogen density at z = 0, taken as 1.7 × 10−7 cm−3 (Behar et al.,

2011). We used our results for Nhxigm and actual redshift for the QSOs to get

their equivalent n0 which are derived by rearranging equation 5.1 to give n0. We

then took the mean of n0 for our full sample and calculated the standard error.
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Table 5.6 gives the detailed results for our full QSO sample for the IGM and

continuum parameters. In Fig. 5.2, we show the results for Nhxigm versus redshift.

A power law fit to the Nhxigm versus redshift for the full QSO sample scales as

(1 + z)1.5±0.2, reduced χ2 = 0.58. The sample includes QSOs with redshift as low as

z = 0.114, so a linear χ2 fit is only an approximation for the curve, as can be seen

from the simple IGM model curve. The mean hydrogen density using equation 5.1

at z = 0 for the QSO sample is n0 = (2.8±0.3)×10−7 cm−3, higher than the assumed

value of 1.7× 10−7 cm−3 for the plotted simple IGM model. A sub-sample of QSOs

with z > 1.6, similar to the GRB sample in D21a, gives n0 = (2.1± 0.3)× 10−7 cm−3.

As there is some evidence of evolution in the partially ionised column density in

the CGM (Fumagalli et al., 2016; Lehner et al., 2016), more advanced modelling

for a warm/hot CGM component is needed to explore the relative contribution of

the host CGM compared to the observed absorption in QSOs, blazars (D21b) and

GRBs (D21a).

There is a broad range in the temperature across the redshift range for the QSO

sample 4.9 < log(T/K) < 8.0, most with substantial error bars in Fig. 5.3. The

mean temperature for the full QSO sample over the full redshift range is log(T/K)

= 6.5 ± 0.1. It is notable that very few of the QSOs have error bars that go below

log(T/K) < 5.0 even though we allow the temperature parameter to vary down

to log(T/K) = 4.0. A number of the QSOs have best fit temperatures close to

the high or low parameter range limits, indicating that temperatures are not well

determined.

There is no relation between temperature and redshift. It is possible that the IGM

LOS includes a cooler photo-ionised gas which is contributing to the absorption but

not captured in this CIE model. The fits are not representative of any individual

absorber temperature, but instead represent the integrated LOS.

Fig. 5.4 shows no obvious relation of [X/H] with redshift. The mean metallicity

over the full redshift range is [X/H] = −1.31±0.07 (0.05Z⊙). Metallicity ranges from
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5.5.2. Results for IGM parameters using the CIE model

Figure 5.3: Results for the log(T/K) IGM versus redshift using the CIE (hotabs)
model. The error bars are reported with a 90% confidence interval. We do not
include a χ2 curve in the plot as the fit was poor due to a large scatter.

approximately [X/H] − 0.8 (0.16Z⊙) to [X/H] − 2.9 (0.001Z⊙). Most of the QSOs

appear to favour metallicity in the range −1 ≥ [X/H] ≥ −2.0, with only a small

number favouring lower metallicities, generally at lower redshifts. This appears to

be contrary to any expected evolution of metallicity, though our approach is based

on the full LOS to the QSOs and not any particular absorber redshift.

There are reasonable grounds, based on our results, for arguing that the CIE model

using hotabs is plausible for modelling the warm/hot component of the IGM at all

redshifts, with the caveats of using a CIE IGM component only, the slab model to

represent to full LOS, and low X-ray resolution. In all fits, the Cstat was improved

by using the IGM component. Further, 73% show a significant improvement with

the IGM component added based on the criteria ∆Cstat> 6.25 for three interesting

parameters. There was a large range in Cstat improvements across the sample, with

the average Cstat improvement for the full sample per free IGM parameter being
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5.6. Tests for robustness of IGM parameter results

Figure 5.4: Results for the IGM metallicity versus redshift using the CIE (hotabs)
model. The error bars are reported with a 90% confidence interval. We do not
include a χ2 curve in the plot as the fit was poor due to a large scatter.

8.25. Our metallicity and temperature ranges and mean results are consistent

simulations for a warm/hot phase. As our CIE IGM component had three free

parameters, Nhxigm, temperature and [X/H], there is scope for degeneracy as we

model the continuum curvature and not specific absorption features (D21a and

D21b).

We now test the robustness of the results in Section 5.6 and discuss the results

further and compare with other studies in Section 5.8.

5.6 Tests for robustness of IGM parameter results

We examine our results from a number of perspectives to test their robustness as

there are several alternative potential explanations for the curvature seen in QSO

spectra which may not be partly or wholly attributable to IGM absorption. AGN
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5.6.1. IGM column density and intrinsic power law index

Figure 5.5: Testing for a possible relation between Nhxigm and the QSO intrinsic
power law index (log-parabolic). Left panel is the QSO intrinsic power law index
versus redshift. There is no apparent strong relation between the power law and
redshift, other than that due to the dominance of RQQ below z < 2 which are
known to have a higher power law index than RLQ. The right panel is Nhxigm
and the QSO intrinsic power law index which does not show any apparent relation
between the variables.

are generally known to have a Compton hump at higher energies. Similarly, at

lower energies, a soft excess is sometimes observable in AGN spectra, whose cause

is still debated. Both, or either, of these features, if present in a QSO spectra,

may affect any absorption feature of the IGM. Nhxigm can be degenerate to some

degree with continuum slope and intrinsic curvature. Further, QSO spectra have

very large differences in total counts and count rates which could have an impact

on or be linked to spectral curvature. There is a large range in luminosity of QSOs

and this may be a source of the apparent Nhxigm redshift relation. Finally, we look

for absorbers in UV and lensing galaxies to investigate their possible contribution

to the column density.

5.6.1 IGM column density and intrinsic power law index

There is scope for degeneracy between Nhxigm and spectral slope and curvature.

Therefore, we checked for any relation between these two parameters across the

full QSO sample. To measure the unabsorbed continuum slope, we used a log-

parabolic power law only. RQQ are dominant at z < 2, typically have a higher
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5.6.2. IGM column density and spectral counts

Figure 5.6: Left panel - testing for a possible relation between the QSO Nhxigm and
total spectral counts. Right panel - testing for a possible relation between Nhxigm
and spectral count rates. There is no apparent relation between the variables.

power index than RLQ which dominate above z > 2 (e.g. Scott et al., 2011; Page

et al., 2005; Reeves and Turner, 2000), and is consistent with out results. Fig 5.5

left panel does not show a strong relation between the QSO power law index and

redshift, other than that expected from the redshift spread of RQQ and RLQ. There

have been many studies over the years examining possible evolution or relations of

QSO continua with redshift. The results consistently have been that there is no

such evolution or relation (e.g. Reeves and Turner, 2000; Page et al., 2005; Grupe

et al., 2006; Risaliti and Lusso, 2019; Shehata et al., 2021). This supports the

argument that the observed Nhx redshift relation in our results is IGM related and

not intrinsic to the QSO properties, as there is no apparent relation between our

Nhxigm results and power law index in Fig. 5.5 right panel.

5.6.2 IGM column density and spectral counts

Since the QSO spectra and therefore Nhxigm will be better constrained for obser-

vations with higher statistics, total counts and count rates, this may lead to a bias.

We check this by looking for any relation between the index and net counts and

count rates. Fig 5.6 left panel shows no relation between the QSO Nhxigm and

total counts. There is also no apparent relation between Nhxigm and count rates

in Fig. 5.6 right panel, as expected given that there is no obvious physical reason
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5.6.3. IGM column density and luminosity

Figure 5.7: Left panel - Monochromatic luminosity (2keV) and redshift for the full
SDSS-DR14 and 4XMM-DR9 with counts > 1000. Right panel - Our QSO sample
luminosity for energy 2 - 10keV and redshift.

Figure 5.8: Testing for a possible relation between Nhxigm and luminosity.

why a higher flux should be linked to column density. This is consistent with prior

studies (e.g. Shehata et al., 2021).

5.6.3 IGM column density and luminosity

The majority of QSOs are RQQ with only approximately 10% being RLQ, though

this varies somewhat with redshift (e.g. Grupe et al., 2006). However, RQQ are

mostly observed at z < 2. Given we are selecting the QSOs with the highest counts,

and also out to the highest redshifts, there is scope for luminosity bias which may

be degenerate with Nhxigm. In Fig 5.7 left panel, we plot the SDSS-DR14 and
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5.6.4. Compton reflection hump

4XMM-Newton-DR9 cross correlated catalogue with a cutoff of > 1000 counts. A

clear luminosity redshift relation is notable. In Fig. 5.7 right panel, a plot our our

QSO sample with redshift shows a similar luminosity redshift relation.

In Fig 5.8, we plot our QSO Nhxigm and luminosity. Given the luminosity bias

in our sample, and the observed luminosity redshift relation in both our sample

and the full SDSS-XMM-Newton catalogue, it is not surprising that there is also an

apparent Nhxigm luminosity relation. This relation has been noted previously and

it is not possible to determine which parameter of either luminosity or redshift, that

Nhxigm is more closely related (Eitan and Behar, 2013; Shehata et al., 2021), or

whether the luminosity relationship is causal in any way on Nhxigm. The results

of Nhxigm redshift relations for other tracers in Section 5.7 should help clarify

this point. In that section, we note that GRBs, blazars and QSOs all show a very

similar consistent relation between Nhxigm and redshift supporting the argument

that the rising Nhxigm is not caused luminosity.

5.6.4 Compton reflection hump

A Compton or reflection hump feature is common in AGNs at a rest frame of 30keV.

Depending on the redshift, this could appear in the spectra observed frame between

0.3 − 10keV, especially above z > 3. The reflection is due to reprocessing of the

primary X-ray continuum by circum-nuclear material. The most common model in

xspec used for this feature is pexrav (Magdziarz and Zdziarski, 1995). There are

more sophisticated reflection models available but the resolution in our sample does

not warrant their use. pexrav assumes an optically thick, cold material, although

with H and He fully ionised, distributed in a slab and covering a given fraction of the

X-ray source. In our test fitting, we left the parameter R (slab scaling parameter)

free, with the power law and normalisation tied to continuum power law, and with

the other parameters set to default values following the conventional approach

(e.g. Reeves and Turner, 2000; Ricci et al., 2017). Where there is reflection, and

the model is appropriate, the value of the R parameter should be close to 1. Many
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5.6.5. Soft excess

studies choose to fix the R parameter to 1 but we wanted to see if this parameter

preferred values close to 1 or 0, the latter indicating little or no reflection.

We refitted all our QSO sample with pexrav instead of our CIE IGM component.

For most of the QSOs, the Cstat fit was worse with pexrav. For all QSOs with

z > 3, the reflection parameter results were R ≪ 1. For the small number of QSOs

that had similar Cstat results as for the CIE IGM model, a visual inspection of the

spectra indicated a possible Fe feature at a rest frame of 6 − 7 keV. When refitted

with the CIE IGM component added, the IGM parameters did not change i.e. the

inclusion of the relection component did not impact the result. For the two lowest

redshift QSOs, the Cstat fit improved significantly with both pexrav and our CIE

IGM model included (being ∆Cstat = 11.5 and 7.7 for QSOs 103059.09+310255.8

and 141700.81+445606.3 respectively). However, again, for these two low redshift

QSOs, the IGM fit parameters did not alter substantially.

Our results are consistent with previous studies for QSOs which found that the

reflection component was very weak or consistent with no reflection in both RQQ

and RLQ and that this was inversely related to luminosity, known as the X-ray

Baldwin effect (e.g. Reeves and Turner, 2000; Iwasawa and Taniguchi, 1993). This

explains why the Fe line emission appears to be absent in the most luminous of

QSOs. Risaliti and Lusso (2019) used simulations to calculate the error on the flux

at 2 keV due to neglecting relection component and estimated it at a few per cent

at most.

5.6.5 Soft excess

Many AGN show a soft excess in their X-ray spectra (e.g. Ricci et al., 2017). They

found that over 50% of their AGN showed evidennce of soft excess. However, their

AGN sample was restricted to z < 0.3 There is no consensus on the origin of the soft

excess and theories include it being Comptonisation of UV photons, an artifact of

ionised absorption, and blurred relativistic reflection (e.g. Done et al., 2012; Gier-
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5.6.6. Large absorbers on the line of sight

liński and Done, 2004; Crummy et al., 2006). The soft excess is typically modelled

as a blackbody as a simple representation, with a peak rest frame temperature of

∼ 0.1keV, and a range of 0.01 ≤ kT ≤ 0.3keV (e.g. Scott et al., 2011; Reeves and

Turner, 2000; Ricci et al., 2017).

We refitted all our sample with a redshifted blackbody, zbbody in xspec instead

of the IGM component. None of our QSOs with z > 0.3 showed any evidence of

a soft excess consistent with previous studies (e.g. Reeves and Turner, 2000). For

the 4 QSOs with z < 0.3 the inclusion of a blackbody with a simple power law, did

improve the Cstat fit. For the three lowest redshift QSOs, the inclusion of the IGM

component using a log-parabolic power law as well as a blackbody component signi-

ficantly improved the fit (∆Cstat > 6.25). The IGM fitted parameters did not alter

substantially, with the exception of the lowest redshift QSO (141700.81+445606.3)

where log(Nhxigm/cm−2) increased from 21.0 to 21.6. Both of these values are well

in excess of what would be expected from the simple IGM model absorption and

may indicate that this QSO is somewhat obscured by its torus or have other host

absorption.

5.6.6 Large absorbers on the line of sight

We have assumed that all absorption in excess of our Galaxy and the QSO host is

due to the diffuse IGM. If there are any strong individual absorbers on the QSO

LOS, they will contribute to the total absorption column.

One of the advantages of using QSOs as tracers is that they have been studied in

depth in UV over the last several decades. The QSO LOS can encounter many types

of hydrogen absorber from the lowest density Lyman α forest at log(NH i/cm−2) <

14, to the most dense Lyman systems, the DLAs log(NH i/cm−2) > 20.3. These

dense systems have low column when compared to our results for log(Nhxigm)

which start at 20.6 for our lowest redshift QSOs, and rise quickly to well above 21

by z > 0.5.
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5.6.6. Large absorbers on the line of sight

To test whether DLAs could account for some of the absorption on the LOS, we

reviewed the SDSS spectra∗ for evidence of DLAs and cross-checked with the new

catalogue based on SDSS DR16Q (Ho et al., 2021). Our results for DLAs on

the QSO LOS were consistent with (Prochaska and Neeleman, 2018), who were

investigating the average number of DLAs intersected by a LOS to a source at

redshift out to z ∼ 5. We found 1 QSO with a DLA between 2 ≤ z ≤ 3, and 8 QSOs

with DLAs between 3 ≤ z ≤ 5. None had more than 2 DLAs on a particular QSO

LOS. The QSO DLA mean log(NH i/cm−2) ∼ 20 tends to be lower than for GRBs at

∼ 21.5 (Fynbo et al., 2009). This may be due to QSOs and GRBs probing differing

LOS in their hosts. All of these QSOs in our sample, which showed DLAs from the

SDSS, had log(Nhxigm/cm−2) > 22, and therefore the DLA contribution would be

insignificant to the column.

Intervening lensing galaxies on the QSO LOS have been observed over the years.

Earlier studies developed models predicting > 4% of high redshift QSOs would be

lensed (e.g. Comerford et al., 2002; Wyithe and Loeb, 2002). However, the ob-

served lensing fraction of such high redshift QSOs remains considerably lower than

the model predicted amounts at ∼ 0.2%, and could be due to survey incomplete-

ness or model errors (Yue et al., 2021, and references therein). Bearing in mind

that our sample covers low as well as high redshift QSOs, and based on the low

observed lensed fraction, we could expect that less than 1 of our QSOs would be

lensed, with perhaps around 2 or more if the models are correct. We reviewed

literature and identified 2 of our sample QSOs with confirmed intervening lenses,

042214.8-384453.0 and 100434.91+411242.8. The neutral column through these

lensing galaxies was estimated as log(NH i/cm−2) < 20, two orders of magnitude

lower that our measured Nhxigm (Chen et al., 2012; Carswell et al., 1996).

In conclusion, our robustness tests have demonstrated that, with the possible ex-

ception of luminosity, we have ruled out alternative explanations for the observed

Nhxigm redshift relation including reflection hump, soft excess, power law index,

∗http://skyserver.sdss.org/dr16/en/tools/explore/
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5.7. Combined QSO, GRB and blazar sample analysis

Figure 5.9: Nhxigm versus redshift for the full QSO sample (blue) combined with
the FSRQ blazars from D21b (red) and the GRBs (yellow) from D21a. In the left
panel, each tracer group has its own χ2 line fit. The green line is the simple IGM
model using a mean IGM density of n0 = 1.7 × 10−7 cm−3 at z = 0 (see eq.5.1). In
the right panel,the χ2 line fit is for the entire tracer samples.

and spectral counts, intervening DLA and lensing galaxies. We note that the use

of a log-parabolic power law may be showing an improved fit over a simple power

law in all our QSO sample as either an intrinsic continuum feature, or or a slight

signature of the reflection hump and soft excess. As for luminosity, in the next

section we compare our QSO results with our previous GRB and blazar results to

see if there are consistencies which would help rule out the luminosity degeneracy.

5.7 Combined QSO, GRB and blazar sample analysis

In this section, we bring together the results from our full series of papers on using

different tracers to probe the IGM parameters of column density, temperature

and metallicity. Given the differences in the tracer host environment, we adopted

different approaches in estimating any host absorption.

In D20 and D21a, we assumed that the GRB host intrinsic hydrogen column density

was equal to the UV measured ionisation-corrected intrinsic neutral column, using

more realistic host galaxy metallicities, dust corrected where available. In D21b,

we used blazars. For these tracers, we assumed no host absorption, relying on the

fact that blazars are thought to have negligible X-ray absorption on the LOS within
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5.7. Combined QSO, GRB and blazar sample analysis

Table 5.4: Summary results for the IGM parameters from the QSO, blazar and
GRB samples from D21a and D21b, and this paper. The IGM parameters include
the mean hydrogen density at z = 0 n0 for the full redshift range and for z > 1.6, a
power law fit to the Nhxigm versus redshift, mean temperature and metallicities,
and the ranges.

Tracer QSO Blazar GRB All

mean hydrogen density at z = 0 (×10−7 cm−3)

Full redshift range 2.8 ± 0.3 3.2 ± 0.5 1.8 ± 0.2

z > 1.6 2.1 ± 0.3 2.1 ± 0.2 1.8 ± 0.2 2.0 ± 0.4

power law fit to the Nhxigm versus redshift

Slope index 1.5 ± 0.2 1.8 ± 0.2 1.9 ± 0.2 2.0 ± 0.1

Temperature (log(T/K))

Mean 6.5 ± 0.1 6.1 ± 0.1 6.3 ± 0.2 6.3 ± 0.3

Range 4.9 − 8.0 5.0 − 8.0 5.0 − 7.1

Metallicity [X/H]

Mean −1.3 ± 0.1 −1.6 ± 0.0 −1.8 ± 0.1 −1.5 ± 0.1

Range −2.85 to −0.8 −3.0 to −0.08 −1.75 to −1.0

the host galaxy, swept by the kpc-scale relativistic jet. Finally, in this paper using

QSOs, as set out in Section 5.4, we assume a CGM model absorption. Apart from

these differences in modelling the host absorption, all other methods and models

are consistently used for the three tracers.

In Fig. 5.9, we plot the combined tracer samples for Nhxigm and redshift. In the

left panel, the linear χ2 fits are shown separately for each tracer. Though there are

differences in the linear slopes, all three are reasonably close to the simple IGM

curve. In the right panel, we show the combined tracer χ2 linear fit. This fit is

also close to the simple IGM curve. In Table 6.1, we give the main IGM parameter

results from each tracer and in combination including the mean hydrogen density

at z = 0 for the full redshift range and for z > 1.6 (our lowest GRB redshift), a

power law fit to the Nhxigm versus redshift, mean temperature and metallicities,

and the ranges.

The first IGM parameter, the mean hydrogen density at z = 0 is given for the full

redshift range and also for our tracers with z > 1.6. Our GRB sample in D21a took

NH i data from Tanvir et al. (2019b) who had a cutoff at z = 1.6, as below this

redshift, the observed Lyα transmission declines due to Earth’s atmosphere. All of
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5.8. Discussion and comparison with other studies

the values for n0 are slightly higher than the simple IGM curve based on n0 equal

to 1.7 × 10−7 cm−3 (see Section 5.5). The overall mean across the three tracers for

z > 1.6 is 2.0 ± 0.4 × 10−7 cm−3 which is consistent with the assumed density of the

plotted IGM curve within the errors.

Assuming CIE, the mean IGM temperature across the tracers is log(T/K) = 6.3±0.3

with a full range from 4.9 to 8.0. The mean IGM metallicity across the tracers is

[X/H] = −1.5±0.1 with a full range from −3.0 to −0.08. These values are consistent

with the CIE predictions for a warm/hot IGM. There is no evidence for evolution

or relation of temperature with redshift.

5.8 Discussion and comparison with other studies

Our work has found significant absorption in QSO spectra, in excess of that of our

Galaxy and the QSO host. Excess X-ray absorption in QSOs has been reported in

earlier studies, predominantly in RLQ rather than RQQ (e.g. Elvis et al., 1994b;

Page et al., 2005; Reeves and Turner, 2000). Initial possible explanations included

the absorption being related to the jet, which was thought to be responsible for the

Doppler boosting of the X-ray continuum (e.g. Reeves and Turner, 2000). Most

of these studies found the absorption tended to increase with QSO redshift. This

would not support the jet absorption theory as the QSO jet luminosity was not

found to increase with redshift (Scott et al., 2011). Eitan and Behar (2013) found

that the optical depth increased with redshift for a sample of QSOs and GRBs,

scaling as (1+z)2.2±0.6. This is very close to our combined tracer result for Nhxigm of

(1+z)2.0±0.1. Eitan and Behar (2013) postulated that their result could be explained

by an ionised and clumpy IGM at z < 2, and a diffuse, cold IGM at higher redshift.

This scenario was improved on by Starling et al. (2013), who used a warm-hot

absorber scenario for the IGM. Starling et al. (2013) concluded that their warm-

hot IGM scenario could account for most of their estimated X-ray column density

for GRB at z > 3 for IGM parameters log(T/K) = 5 − 6 and Z/Z⊙ < 0.2. The main
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differences and caveats on the results of Eitan and Behar (2013) and Starling et al.

(2013), are that they used the conventional assumption that all excess absorption

is at the host redshift, despite dealing with IGM absorption on the LOS . Further,

while Eitan and Behar (2013) measured optical depth, Starling et al. (2013) used

absori which was compared with hotabs for CIE modelling by D21a. Although

absori was the main xspec model used since it was developed in 1992, it is not

self-consistent, and is limited to 10 metals fixed at solar metallicity except Fe (Done

et al., 1992). D21a found hotabs to be superior for modelling a CIE IGM.

Campana et al. (2015) examined intervening IGM absorption to AGN and GRBs

using simulations. For GRBs, they reported log(T/K) ∼ 5− 7 and mean metallicity

Z = 0.03Z⊙. In Section 5.7, we showed that our results across all our tracers,

QSOs, blazars and GRBs are consistent for the IGM parameters. Our overall mean

temperature and range for the IGM is log(T/K) = 6.5 ± 0.1, and 4.9 < log(T/K)

< 8.0. Our mean metallicity and range on solar units is 0.05Z⊙ and 0.16Z⊙ to

0.001Z⊙. These values are similar to Campana et al. (2015).

Arcodia et al. (2018, hereafter A18) used a blazar sample to investigate an IGM

absorption scenario. Their IGM parameter results gave an average density (z = 0)

of n0 = 1.0+0.53
−0.72×10−7 cm−3 and temperature log(T/K) = 6.45+0.51

−2.12. The temperature

is very close to our results. Our average density at z = 0 across all tracers, limiting

the sample to z > 1.6 to accommodate the GRBs, is n0 = 2.0 ± 0.40 × 10−7 cm−3.

A18’s n0 is less than the conventional simple IGM model of n0 = 1.7×10−7 cm−3 (see

Section 5.5). However, we do note that in our Fig. 5.9, some of the highest redshift

tracers show Nhxigm, with equivalent n0 at z = 0 below the simple IGM curve

assumption. A18’s lower result could be explained by their use of conventional

assumptions of neutral and solar absorption in the IGM and their use of an older

absori based model. Alternatively, our combined results may indicate that a single

uniform average density is over-simplistic across the full redshift range. The result

is based on the homogeneity assumption and expansion of the Universe in the

ΛCDM model. However, this does not factor in the structural changes and growth
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which are predicted to occur over redshift. For example, the fraction of matter in

the IGM is expected to be much greater at higher redshift than lower redshift, as

less matter had coalesced into galaxies and clusters (McQuinn, 2016).

One of our assumptions is that of CIE. The relation between ionisation state and

plasma temperature explicitly assumes that the gas is in an ionisation equilibrium

(Richter et al., 2008). Opinions on the IGM equilibrium state have differed over

the years (e.g. Branchini et al., 2009; Nicastro et al., 2018). In non-equilibrium

conditions, plasma remains over-ionised at any temperature, when compared to

equilibrium, as recombination lags behind cooling (Gnat and Sternberg, 2007).

There is ongoing debate on the equilibrium state of the WHIM, but it is likely that

a substantial part of the baryons in the Universe are in regions where extremely low

densities and ionisation equilibrium conditions persist (McQuinn, 2016). The equi-

librium assumption may result in an underestimation of column density where the

IGM gas remains over ionised in non-equilibrium conditions (D21a and references

therein).

Generally, the fraction of RLQ to RQQ is 5 − 10% and is possibly anti-correlated

with redshift (Rusinek-Abarca and Sikora, 2021, and references therein). As RLQ

tend to have far greater X-ray luminosity than RQQ, they are more frequently

observed at higher redshift (Worrall et al., 1987; Page et al., 2005). In our study

the fraction of RLQ is ∼ 40% reflecting the X-ray loudness bias due to our higher

redshift range and choice of QSOs with high counts. However, if we look at the

sample below z < 3 in Fig. 5.2 where the RQQ are dominant, and the RLQ fraction

is ∼ 26%, the redshift relation is still very clear indicating that the luminosity or

high redshift RLQ bias is not driving the absorption redshift relation. A further

point is that all of these prior studies make the same conventional assumptions of

excess absorption being at the QSO redshift, and a neutral and solar metallicity

absorber. Our analysis attempts to isolate any IGM absorption by using more

realistic assumptions about the QSO host environment and then assuming the

IGM absorption occurs in an isotropic, homogeneous intervening medium which is
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in CIE. We acknowledge that this is still a simplistic assumption but is appropriate

given the X-ray resolution available. For example, Campana et al. (2015) using

simulations of LOS to AGN, found a dominant contribution of absorption systems

with large over-densities (∆ > 300) at z ∼ 0.5 − 1.2. However, they acknowledged

that these absorbing systems may be proximate to the AGN and not common to

all IGM tracers. This would be consistent with studies of neutral hydrogen systems

in the CGM (e.g. Hennawi and Prochaska, 2013; Prochaska et al., 2013; Tumlinson

et al., 2013; Lusso et al., 2018; Fumagalli et al., 2020).

It is possible that some additional absorption occurs in the QSO host over and

above our assumed CGM amount i.e. intrinsic dust or gas in the host galaxy inter-

stellar medium. Alternatively, absorption could occur in the inter-cluster medium

as many QSOs are located in galaxy clusters (Elvis et al., 1994a). However, higher

absorption if related to neutral gas would result in higher dust measurements which

are not observed (Page et al., 2005).

Significant curvature is present in the spectra of many low redshift QSOs, below z <

1. This fact, or that absorption features are not observed in such low redshift tracers

has been used as an argument against IGM absorption (Watson and Jakobsson,

2012, and references therein). From this, they concluded that at all redshifts, the

spectral flattening is due to intrinsic curvature. In our QSO sample, many of the

lowest redshift QSOs closely follow the simple IGM curve. We would argue that

it is highly likely that spectral curvature is due to a combination of both intrinsic

factors as well as IGM absorption, with the former dominant at low redshift, and

the latter becoming dominant at higher redshift.

Comparing with an alternative tracer type, Macquart et al. (2020) used Fast Radio

Burst (FRB) dispersion measure (DM) to measure the total electron column density

on the LOS to the FRB host. Their sample is limited the redshift range 0.12 to 0.52,

and just 5 FRB. They fix the Galactic DM to values measured by Cordes and Lazio

(2002) with an additional 50 pc cm−3 to represent the Galactic halo. They assumed

a fixed FRB host at DMhost = 50/(1+ z) pc cm −3. This is the standard approach in
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FRB, i.e. to fix the FRB host DM with the assumption that all excess DM is then

due to the IGM, similar to our approach. This is very different to the conventional

QSO, blazar, GRB approach of assuming all absorption in excess of our Galaxy is at

the host redshift. Their resulting baryon fraction is a median value of Ωbh70 = 0.056

(68% confidence interval [0.046, 0.066]). Based on this measurement, they conclude

that their results are consistent with all the missing baryons being present in the

ionised intergalactic medium. Our median value for the baryon fraction for all our

tracers with z > 1.6 is Ωbh70 = 0.048 (68% confidence interval [0.039, 0.058] (derived

from n0 = 2.0 ± 0.4 × 10−7 cm−3). For our full QSO sample only, the Ωbh70 = 0.068,

(68% confidence interval [0.061, 0.075]). These values are consistent with Macquart

et al. (2020).

A final observation on our results is that at highest redshifts z > 3 in Fig.5.9, while

the numbers of tracers fall rapidly, some appear to have Nhxigm and error bars be-

low the simple IGM curve. When plotting their distance modulus estimates versus

redshift, Lusso et al. (2020) noted a deviation from the ΛCDM model appeared at

higher redshift i.e. the distance modulus was lower than that predicted under the

ΛCDM model at z ≥ 1.5. They considered the explanation for the deviation as the

possible evolution of the dark energy equation of state with the dark energy density

increasing with time. In our simple IGM model, we calculate Nhxigm using the

density at z = 0 and integrate over the redshift, which is based on eq.5.1. xspec

performs a similar calculation using the redshift integral deriving column density

from opacity. Though this redshift integral uses proper distance, while Lusso et al.

(2020) use luminosity distance, if the distance is found to be lower than the ΛCDM

model, then it may explain why the QSOs Nhxigm is below the simple IGM curve

at higher redshift.

Alternatively, it could be due to an increasing influence of the Epoch of Reionisation

(EoR) at the very highest redshifts. The EoR is considered to lie in the redshift

range ∼ 6−10 (see Bolan et al., 2021, and references therein, for a good sumary). If

the Universe does indeed become more neutral at higher redshift, then there would
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be less highly ionised IGM for X-ray absorption. However, most research places

the end of EoR at z = 5− 6 and so would only affect the few tracers in our samples

at this redshift or higher.

5.9 Conclusion

We used QSOs as tracers of the IGM with the main aim to probe the key paramet-

ers of column density, metallicity and temperature using a model for collisionally

ionised plasma. We isolated the IGM LOS contribution to the total absorption for

the QSOs by assuming that the QSO host absorption is based on a fixed model

of CGM absorption. We used xspec fitting with both the CIE IGM component

and all power law parameters free to vary. Our work uses the continuum total

absorption to model plasma as opposed to fitting individual absorption features as

the required resolution is not available currently in X-ray.

We subjected our results to a number of robustness tests covering: a relation

between column density and flux; investigating spectral slope degeneracy with

column density; reflection hump and soft excess impacts; luminosity column density

relation, and any impact of large absorbers known of UV studies on the LOS.

Finally, we combined our sample with the blazar sample from D21b and the GRB

sample from D21a to report results for an extended redshift range using the three

different types of tracers.

Our main findings and conclusions are:

1. Our results for the IGM parameters are consistent across the three tracer

types. The average results across the tracers for equivalent mean hydrogen

density at z = 0 are n0 = 2.0 ± 0.4 × 10−7 cm−3 for z > 1.6. It shows similar

values and correlation with redshift as the simple mean IGM density model,

Fig. 5.9, right panel. A power law fit to the Nhxigm versus redshift scales

as (1 + z)2.0±0.1.
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2. For our QSO sample for this paper, the equivalent mean hydrogen density at

z = 0 is n0 = 2.8 ± 0.3 × 10−7 cm−3. A power law fit to the Nhxigm versus

redshift trend scales as (1 + z)1.5±0.2.

3. The mean temperature across all the tracers for the CIE IGM is log(T/K) =

6.3 ± 0.3 with a full range from 4.9 to 8.0. The mean metallicity across the

tracers for the CIE IGM is [X/H] = −1.5 ± 0.1 with a full range from −3.0 to

−0.08. These values are consistent with the CIE predictions for a warm/hot

IGM. There is no evidence for evolution with redshift.

4. The mean temperature across our QSOs only sample from this paper for the

CIE IGM is log(T/K) = 6.5 ± 0.1 with a full range from 4.9 to 8.0. The mean

metalicity across the QSO sample for the CIE IGM is [X/H] = −1.3±0.1 with

a full range from −2.9 to −0.8. These values are also consistent with the CIE

predictions for a warm/hot IGM, and there is no evidence for evolution with

redshift.

5. For the QSO sample, there is no obvious relation between Nhxigm and the ro-

bustness tested parameters for continuum power law index or spectral counts.

Further, the possible effects of the reflection hump and soft excess were shown

not to impact the results for Nhxigm, and only improved the fit for the two

lowest redshift QSOs. There was insufficient evidence for DLAs or intervening

lens systems on the LOS to account for the measured Nhxigm for the QSOs.

Finally, there is an apparent Nhxigm luminosity relation due luminosity bias

in our sample, which is due to our sample selection for high counts and the

dominance of RLQ at z > 3, which are more X-ray luminous than RQQ. Both

Nhxigm and luminosity rise with redshift. However, the results for Nhxigm

are consistent across all three tracers and this would support the argument

that the QSO result for Nhxigm is not dominated or caused by luminosity.

Overall in this series of papers D20, D21a and D21b, and this paper, we have

demonstrated a consistent case for strong absorption in the IGM on the LOS
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to three different tracer types, QSOs, blazars and GRBs. We have taken a

careful approach to isolating absorption by our Galaxy and and the tracer

host, by examining the differing host environment conditions known to exist

for the tracer types. We have also examined the possible contribution on the

LOS due to large absorbers from UV QSO studies and have subjected our

results to a series of robustness tests.

As we have demonstrated that there is substantial absorption in the IGM

and it is related to redshift, using the conventional assumption that all ex-

cess absorption is in the tracer host, while investigating high redshift objects

could lead to errors in deriving their properties including intrinsic absorption.

Our results could also be used to test cosmological models through observa-

tions of IGM properties from these high redshift tracers. Our estimated IGM

properties will be improved by instruments such as Athena, with higher en-

ergy resolution, lower energy threshold and larger effective areas in soft X-ray

energies.
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Table 5.5: Full IGM model fitting results for the SDSS-DR14 and
4XMM-Newton-DR9 cross-correlation QSO sample. For each QSO, the columns
give the name, redshift, IGM paramaters: Nhxigm, [X/H], temperature; Con-
tinuum log parabolic power law and curvature parameter β; Cstat/dof

QSO z log( Nhxigm
cm−2 ) [X/H] log(TK ) PO β Cstat/dof

J142952+544717 6.18 22.28+0.30
−0.24 −1.48+0.46

−0.44 5.72+0.78
−0.39 2.67+0.25

−0.26 −0.96+1.42
−0.02 483.20/1940

022112.62-034252.2 5.01 22.60+0.04
−1.03 −1.14+0.11

−0.75 7.91+0.04
−2.67 2.13+0.37

−0.42 0.94+0.00
−1.65 110.04/1940

001115.23+144601.8 4.96 22.47+0.12
−1.01 −1.06+0.17

−1.34 7.98+0.00
−2.78 1.51+0.88

−0.01 0.64+0.22
−0.29 639.73/1940

143023.73+420436.5 4.71 22.20+0.40
−0.31 −1.75+0.90

−1.65 5.00+0.40
−0.33 1.84+0.14

−0.06 −0.22+0.11
−0.14 1604.58/1940

223953.6-055220.0 4.56 22.58+0.08
−0.61 −0.84+0.12

−0.95 7.98+0.01
−1.48 1.83+0.63

−0.23 −0.22+1.42
−0.02 483.20/1940

151002.93+570243.3 4.31 22.19+0.25
−0.54 −1.42+0.42

−1.10 5.96+0.44
−1.71 2.00+0.23

−0.31 −0.59+0.41
−0.30 621.21/1940

133529.45+410125.9 4.26 22.48+0.01
−1.37 −0.93+0.18

−1.38 7.54+0.12
−1.64 1.61+0.62

−0.12 0.15+0.28
−0.76 334.92/1940

132611.84+074358.3 4.12 22.16+0.10
−1.26 −1.30+0.54

−1.00 6.88+1.04
−2.39 2.06+0.32

−0.21 −0.34+0.47
−0.34 352.29/1940

163950.52+434003.7 3.99 22.55+0.03
−1.47 −1.12+0.39

−0.93 6.96+0.95
−2.08 1.75+0.35

−0.06 −0.09+0.45
−0.03 436.57/1940

021429.29-051744.8 3.98 22.46+0.02
−1.42 −1.62+0.87

−0.60 7.36+0.57
−2.23 2.19+0.18

−0.15 −0.25+0.47
−0.38 516.95/1940

133223.26+503431.3 3.81 22.34+0.19
−0.66 −1.48+0.39

−0.26 6.62+1.21
−0.71 2.17+0.19

−0.78 −0.50+1.00
−0.50 240.41/1940

200324.1-325144.0 3.78 22.32+0.10
−1.04 −1.32+0.59

−0.78 6.90+1.04
−1.84 1.94+0.06

−0.33 −0.08+0.36
−0.07 757.08/1940

200324.1-135245.1 3.77 22.25+0.18
−0.88 −1.03+0.30

−1.19 7.02+0.90
−1.30 1.80+0.06

−0.18 0.05+0.19
−0.08 735.85/1940

122135.6+280614.0 3.31 22.45+0.04
−1.15 −1.15+0.43

−0.77 7.95+0.02
−2.70 1.26+0.21

−0.07 0.18+0.16
−0.18 843.48/1940

042214.8-384453.0 3.11 22.31+0.13
−0.06 −1.09+0.37

−0.63 7.00+0.46
−1.20 2.17+0.20

−0.32 −0.12+0.37
−0.32 527.00/1940

083910.89+200207.3 3.03 22.05+0.34
−1.27 −1.00+0.28

−1.00 6.40+1.45
−1.92 1.60+0.03

−0.38 −0.32+0.39
−0.06 1048.72/1940

111038.64+483115.6 2.96 22.32+0.09
−1.11 −1.31+0.59

−0.61 6.65+1.18
−0.69 2.50+0.11

−0.61 −0.45+0.70
−0.27 333.61/1940

122307.52+103448.2 2.75 22.22+0.05
−0.75 −1.34+0.58

−0.89 6.28+1.61
−0.68 2.69+0.18

−0.90 −0.79+1.27
−0.07 261.18/1940

115005.36+013850.7 2.33 22.15+0.17
−0.45 −1.04+0.29

−0.82 6.76+1.10
−1.65 3.58+0.39

−0.50 −2.02+1.07
−0.65 316.75/1940

121423.02+024252.8 2.22 21.98+0.37
−0.58 −2.70+1.13

−0.30 4.98+0.29
−0.13 2.09+0.18

−0.14 −0.48+0.21
−0.28 1256.46/1940

112338.14+052038.5 2.18 22.27+0.08
−0.91 −1.30+0.38

−0.70 6.96+0.70
−1.09 2.09+0.46

−0.38 −0.27+0.48
−0.52 415.64/1940

123527.36+392824.0 2.16 22.07+0.05
−1.22 −1.13+0.40

−0.76 5.38+0.94
−1.16 2.67+0.21

−0.69 −0.91+1.03
−0.24 270.33/1940

134740.99+581242.2 2.05 22.16+0.14
−0.98 −1.19+0.41

−0.73 6.63+1.17
−0.38 2.17+0.26

−0.21 −0.23+0.16
−0.38 638.71/1940

095834.04+024427.1 1.89 22.38+0.04
−1.21 −1.54+0.76

−0.51 7.11+0.73
−1.54 2.27+0.33

−0.10 −0.52+0.22
−0.47 500.15/1940

093359.34+551550.7 1.86 22.04+0.17
−0.53 −1.24+0.52

−0.43 5.30+0.90
−0.45 1.29+0.22

−0.07 −1.00+0.00
−0.25 659.00 /1940

133526.73+405957.5 1.77 22.45+0.08
−1.34 −1.17+0.45

−0.79 7.84+0.10
−1.42 1.58+0.22

−0.12 0.11+0.33
−0.28 303.33/1940

100434.91+411242.8 1.74 22.46+0.10
−0.91 −0.80+0.07

−1.60 7.88+0.10
−1.42 1.81+0.06

−0.09 −0.07+0.21
−0.07 1002.61/1940

104039.54+061521.5 1.58 22.31+0.02
−1.36 −1.30+0.44

−0.40 7.18+0.66
−1.62 2.06+0.42

−0.12 0.21+0.33
−0.73 360.88/1940

083205.95+524359.3 1.57 22.28+0.16
−0.95 −1.44+0.70

−1.56 6.89+0.95
−1.37 2.39+0.33

−0.26 −0.28+0.49
−0.53 444.36/1940
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Table 5.6: Table 5.5 continued

QSO z log( Nhxigm
cm−2 ) [X/H] log(TK ) PO β Cstat/dof

112320.73+013747.4 1.47 22.13+0.02
−1.02 −1.23+0.02

−0.73 6.52+0.24
−0.70 1.08+0.24

−0.14 1.12+0.51
−0.03 639.3/1940

091301.03+525928.9 1.38 21.93+0.47
−1.93 −0.90+0.18

−1.80 7.10+0.82
−1.55 2.02+0.09

−0.07 −0.44+0.15
−0.17 595.67/1940

121426.52+140258.9 1.28 22.41+0.10
−1.11 −0.90+0.18

−1.25 7.79+0.16
−0.90 1.89+0.06

−0.06 −0.21+0.17
−0.09 805.58/1940

105316.75+573550.8 1.21 22.06+0.25
−1.06 −1.20+0.44

−1.20 7.00+0.94
−1.13 2.19+0.06

−0.12 −0.32+0.22
−0.20 588.84/1940

085808.91+274522.7 1.09 21.52+0.84
−0.44 −2.30+1.51

−0.70 5.06+2.87
−0.04 2.39+0.05

−0.17 −0.33+0.34
−0.05 655.53/1940

095857.34+021314.5 1.02 21.04+1..34
−0.44 −1.07+0.33

−1.07 5.58+2.35
−0.34 2.04+0.13

−0.20 −0.19+0.29
−0.19 553.17/1940

125849.83-014303.3 0.97 22.08+0.45
−0.66 −1.10+0.35

−0.90 7.04+0.39
−0.20 2.29+0.69

−0.06 −0.23+0.10
−0.65 904.00/1940

082257.55+404149.7 0.87 21.32+0.86
−0.15 −0.91+0.17

−1.49 5.04+2.84
−0.0 2.51+0.07

−0.45 −0.90+0.72
−0.05 365.24/1940

150431.30+474151.2 0.82 21.71+0.74
−0.53 −1.62+0.90

−0.48 5.59+2.37
−0.00 2.15+0.73

−0.19 −0.11+0.44
−0.66 407.23/1940

111606.97+423645.4 0.67 21.66+0.51
−0.96 −1.13+0.36

−0.83 5.84+1.90
−0.22 1.94+0.06

−0.23 −0.26+0.28
−0.08 680.82 /1940

130028.53+283010.1 0.65 21.36+0.97
−0.89 −1.00+0.27

−1.99 6.88+1.07
−0.82 1.96+0.04

−0.04 −0.06+0.08
−0.10 971.87/1940

111135.76+482945.3 0.56 20.85+1.35
−0.54 −0.99+0.23

−1.17 7.83+0.04
−2.44 2.26+0.11

−0.04 −0.12+0.13
−0.17 633.63/1940

091029.03+542719.0 0.53 21.34+0.98
−0.30 −1.72+0.96

−0.68 5.07+2.80
−0.03 2.61+0.08

−0.25 −0.68+0.55
−0.04 599.13/1940

105224.94+441505.2 0.44 21.18+1.09
−0.48 −0.88+0.16

−1.08 5.99+1.88
−0.49 2.48+0.14

−0.19 −0.40+0.44
−0.26 419.56/1940

223607.68+134355.3 0.33 21.86+0.37
−1.87 −0.84+0.12

−1.21 6.89+0.95
−1.84 2.69+0.19

−0.03 −0.20+0.12
−0.45 510.23/1940

144645.93+403505.7 0.27 20.60+0.98
−0.90 −1.85+0.30

−1.85 5.03+0.09
−0.01 2.98+0.02

−0.10 −0.71+0.19
−0.04 885.25/1940

123054.11+110011.2 0.24 21.15+0.73
−0.85 −2.52+1.03

−0.48 5.07+0.13
−0.04 2.57+0.17

−0.07 −0.59+0.14
−0.07 679.62/1940

103059.09+310255.8 0.18 20.90+1.06
−0.43 −2.80+0.82

−0.16 5.06+0.14
−0.01 2.28+0.05

−0.06 −0.53+0.08
−0.06 1514.88/1940

141700.81+445606.3 0.11 21.00+0.66
−1.00 −2.85+0.87

−0.15 5.09+0.06
−0.03 2.70+0.04

−0.07 −0.57+0.10
−0.07 1216.11/1940

189



Chapter 6

Conclusion

6.1 Summary conclusions

In this thesis, I have used GRBs, blazars and QSOs as X-ray tracers of the IGM

with the main aim to probe the key parameters of column density, metallicity and

temperature using a model for collisionally ionised plasma. For GRBs, I also used

a model for photoionised plasma which produced very similar results to the CIE

model. I isolated the potential IGM absorption from the total continuum absorp-

tion by exploring different tracer host absorption models, as well as known Galactic

absorption. I completed robustness tests to investigate other possible causes for the

observed spectral curvature that may be degenerate with IGM absorption. For the

QSO, I have examined the possible contribution on the LOS due to large absorbers

from UV QSO studies and examining SDSS spectra.

The specific results for the IGM column density, temperature and metallicity from

each tracer type are contained in Chapters 3, 4 and 5. Chapter 5.7 also gives the

combined results which were found to be consistent across the different tracers (See

Fig 5.9 for combined GRB, blazar and QSO samples Nhxigm vs. redshift plot). I

have reproduced here, Table 6.1 from Chapter 5 for convenience which is a summary

of IGM parameter results for each of the tracers as well as combined results. For

n0, I used the results for Nhxigm and actual redshift for the tracers to get their
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Table 6.1: Summary results for the IGM parameters from the QSO, blazar and
GRB samples from D21a and D21b, and this paper. The IGM parameters include
the mean hydrogen density at z = 0 n0 for the full redshift range and for z > 1.6, a
power law fit to the Nhxigm versus redshift, mean temperature and metallicities,
and the ranges.

Tracer QSO Blazar GRB All

mean hydrogen density at z = 0 (×10−7 cm−3)

Full redshift range 2.8 ± 0.3 3.2 ± 0.5 1.8 ± 0.2

z > 1.6 2.1 ± 0.3 2.1 ± 0.2 1.8 ± 0.2 2.0 ± 0.4

power law fit to the Nhxigm versus redshift

Slope index 1.5 ± 0.2 1.8 ± 0.2 1.9 ± 0.2 2.0 ± 0.1

Temperature (log(T/K))

Mean 6.5 ± 0.1 6.1 ± 0.1 6.3 ± 0.2 6.3 ± 0.3

Range 4.9 − 8.0 5.0 − 8.0 5.0 − 7.1

Metallicity [X/H]

Mean −1.3 ± 0.1 −1.6 ± 0.0 −1.8 ± 0.1 −1.5 ± 0.1

Range −2.85 to −0.8 −3.0 to −0.08 −1.75 to −1.0

equivalent n0 which are are derived by rearranging equation 5.1 in Chapter 5 to

give n0. I then took the mean of n0 for the full sample and calculated the standard

error.

In summary, I have demonstrated a consistent case for strong absorption in the IGM

on the LOS to three different tracer types, QSOs, blazars and GRBs, and that it

is related to redshift. The results are also consistent with the ΛCDM cosmological

model in terms of predicted baryonic content.

Given these results, I would recommend that studies of distant objects should not

follow the convention of assuming all absorption in excess of that in our Galaxy

is attributed to the host galaxy, that the host is neutral and has solar metallicity.

Instead, particulary at higher redshift, absorption in the IGM should be included

to give more accurate results for the tracer host properties.

6.2 Future work and related surveys

Further work on IGM absorption using other tracers should include FRB dispersion

measure which gives the total electron column density on the LOS to the FRB host.

I omitted these objects as, at the outset of this thesis in 2019, the total population
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was ∼ 30, with only one localised repeating FRB which had a reliable redshift.

As of now, the population is now over 600, with 24 repeaters and 14 with reliable

redshift localised to host galaxies (Petroff et al., 2021). There are substantial efforts

to increase this number e.g. CHIME (Newburgh et al., 2014; Pleunis et al., 2021;

Amiri et al., 2021) and Australian Square Kilometre Array Pathfinder (ASKAP)

(Macquart et al., 2010). FRBs can also yield valuable information on the CGM,

foreground galaxy halos and the baryonic mass fraction in the IGM (e.g. Connor

and Ravi, 2021; Simha et al., 2021; Dai and Xia, 2021). Therefore FRBs will prove

to be very important IGM tracers.

Other techniques to study the IGM include using the stacked signal from the tSZ

effect (e.g. Tanimura et al., 2020a) and the 21cm line, which is very important for

studying the reionisation era as neutral hydrogen is abundant in the early Universe

(e.g. Simcoe et al., 2020; Laporte et al., 2021; Villasenor et al., 2021).

Direct IGM observation of individual absorbers in X-ray is very limited but claims

to have done so include Nicastro et al. (2018). With telescopes such as Athena,

the proposed European Space Agency X-ray observatory (Walsh et al., 2020), far

greater resolution and collecting area will be possible enabling absorption features

in X-ray to be observed. Athena aims to study the IGM through detailed observa-

tions of O vii (E = 573 eV) and O viii (E = 674 eV) absorption features. At lower

redshifts, individual observations of IGM absorbers in the WHIM and LSS will be

criticsl in parameterising IGM properties.

At very high redshifts, the recently launched James Web Space Telescope (JWST)

will probe into the era of Reionisation. JWST will capture high-resolution images

and multi-object spectroscopy in the infrared. In this thesis, I use tracers with

redshifts up to z ∼ 6. Moving to higher redshifts the impact of the reionisation

era becomes increasingly important with the hydrogen ionisation fraction declining

until the IGM becomes essentially neutral. In addition to surveying earliest galaxy

formation and star formation rates, JWST will provide data on metallicities and

ionisation at z ∼ 8 and higher redshifts (Robertson, 2021, and references therein).
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6.2. Future work and related surveys

In X-ray then, we may expect that the observed relation noted in this thesis between

column density and redshift will not hold for tracer objects located well into the

reionisation epoch as the IGM becomes increasing neutral.

I hope my work will contribute to the study of IGM properties and look forward

to continuing research into FRBs and using new data from CHIME, ASKAP and

JSWT to name but a few.
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I. Pâris, P. Petitjean, É. Aubourg, A. D. Myers, A. Streblyanska, B. W. Lyke, S. F.
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